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Editorial 


Page Charge for Publication? 


SixTEEN months ago our Society had a balanced budget, but an un- 
comfortably small reserve fund which was in danger of decreasing rather than 
increasing. The committees involved, and the Board of Directors, considered the de- 
sirability of imposing a page charge for the publication of technical articles in the 
JourNAL, which had been facing rising costs for several years. The decision was, in- 
stead, to raise membership dues and subscription rates, and to intensify the drive 
for new Active, Sustaining, and Patron members. We believe this decision was a 
sound one, in view of the increased offering of the JoURNAL and of the obvious in- 
terest of many nonmembers in the Meeting programs and in the JOURNAL. 

The American Institute of Physics many years ago instituted a page charge for 
its numerous publications, and several other Societies have done the same. The 
American Chemical Society has considered a page charge; ACS is faced, for ex- 
ample, with a larger and larger journal and a falling number of subscribers. The 
cost problems, and the pros and cons of the page charge, have been discussed by 
R. H. Belknap, ACS Director of Planning for Fundamental Journals, in the July 17 
and 24 issues of Chemical and Engineering News. 

The most widely used argument to justify a page charge is that publication 
cost is a part of the cost of research, and a small part at that; a research is not com- 
plete until its results have been made available to the public. While this argument has 
validity, the real reason for the page charge is, of course, to raise money in a way 
which causes the minimum of “squawking.” If subscription rates go up, the custom- 
ers can complain very effectively by resigning, and there is a point of diminishing 
return. On the other hand, the page charge is requested but not made mandatory; 
authors are never expected to pay personally, their sponsors do not have to pay if 
they feel it a hardship or even if they object. The return is 75-95%, with compan- 
ies and government agencies accepting the charge as a matter of course. 

A principal objection to the page charge is that authors might expect anything 
they send in to be published without regard to length or quality. Fortunately, this 
has not been a serious problem for two reasons: the charge is always well below 
the actual cost of publication; and, especially, because the integrity of editorial and 
review staffs simply does not permit it. 

The cost of printing and mailing our JOURNAL is, at present, about $40.00 per page, 
including the pages used for advertising, which, of course, more than pay for them- 
selves. Other costs, including postage (a not inconsiderable item since every manu- 
script is mailed several times), salaried staff, and office space, are difficult to esti- 
mate; probably come to about $15.00 per page. Societies which make a charge would 
perhaps ask $35.00 per page; this would apply to the technical articles, about 75% 
of our JournaL. Reprints (a limited number) would be supplied without further 
cost. 


This is a problem which is engaging the attention of most societies these days. 
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FUTURE MEETINGS OF 
The Electrochemical Society 


Detroit, Mich., October 1, 2, 3, 4, and 5, 1961 
Headquarters at the Statler Hilton Hotel 
Sessions will be scheduled on 
Batteries, Corrosion (including a Symposium on Surface Structure vs. Corrosion 
Behavior), Battery—Corrosion Joint Symposium on Fused Salt Corrosion, 
Electrodeposition (including symposia on Addition Agents and on Electrodeposited 
Magnetic Films), Electronics (Semiconductors), 
Electro-Organics, and Electrothermics and 
Metallurgy 
(See pp. 155C-186C of August issue for complete program) 
x * 
Los Angeles, Calif., May 6, 7, 8, 9, and 10, 1962 
Headquarters at the Statler Hilton Hotel 
Sessions probably will be scheduled on 
Electric Insulation, Electronics (including Luminescence, 
Semiconductors, Optical Masers, and Nonconventional Electron Emitters), 
Electrothermics and Metallurgy (including a Symposium on Thermodynamics and 
Kinetics of Gas-Condensed Phase Reactions at High Temperatures), 
Industrial Electrolytics, and Theoretical Electrochemistry 


Boston, Mass., September 16, 17, 18, 19, and 20, 1962 
Headquarters at the Statler Hilton Hotel 


x 


Pittsburgh, Pa., April 14, 15, 16, 17, and 18, 1963 
Headquarters at the Penn Sheraton Hotel 


x 


New York, N. Y., September 29, 30, and October 1, 2, and 3, 1963 
Headquarters at the New Yorker Hotel 


x * 


Toronto, Ont., Canada, May 3, 4, 5, 6, and 7, 1964 
Headquarters at the Royal York Hotel 


Papers are now being solicited for the meeting to be held in Los Angeles, Calif., May 6-10, 
1962. Triplicate copies of each abstract (not exceeding 75 words in length) are due at Society 
Headquarters, 1860 Broadway, New York 23, N. Y., not later than December 15, 1961 in order to be 
included in the program. Please indicate on abstract for which Division's symposium the paper is to 
be scheduled, and underline the name of the author who will present the paper. No paper will be placed 
on the program unless one of the authors, or a qualified person designated by the authors, has agreed 
to present it in person. An author who wishes his paper considered for publication in the JournNaL 
should send triplicate copies of the manuscript to the Managing Editor of the JournaL, 1860 Broad- 
way, New York 23, N. Y. 


Presentation of a paper at a technical meeting of the Society does not guarantee publication in 
the JournaL. However, aes so presented become the property of The Electrochemical Society, 
and may not be published elsewhere, either in whole or in part, unless permission for release is re- 
quested of and granted by the Editor. Papers already published elsewhere, or submitted for publica- 
tion elsewhere, are not acceptable for oral presentation except on invitation by a Divisional program 
Chairman. 
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SARGENT-SLOMIN ANALYZERS 


are standard equipment 
in prominent laboratories 


A few of the leading companies, 
representative of the many hun- 
dreds of industrial laboratories 
using the Sargent - Slomin and 
Heavy Duty Analyzers for 
control analyses. . . 


AMPCO METAL, Inc. 

ANDERSON LABORATORIES 

CALERA MINING COMPANY 

EUREKA WILLIAMS COMPANY 

THE FEDERAL METAL CO. 

FORD MOTOR COMPANY 

THE GLIDDEN COMPANY—Chemical, Metal 
and Pigment Division 
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McQUAY - NORRIS MANUFACTURING CO. 

NATIONAL LEAD COMPANY, 
Fredericktown, Missouri 
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THE RIVER SMELTING & REFINING 
COMPANY 

SILAS MASON COMPANY 

THE STUDEBAKER CORPORATION 

THOMPSON PRODUCTS, INC. 


Photo Courtesy INTERNATIONAL HARVESTER COMPANY, Melrose Park, Illinois 


Sargent-Slomin Electrolytic Analyzers are recommended for such electro 
analytical determinations as: Copper in—ores, brass, iron, aluminum and 
its alloys, magnesium and its alloys, bronze, white metals, silver solders, 
nickel and zinc die castings. Lead in—brass, aluminum and its alloys, 
bronze, zinc and zinc die castings. Assay of electrolytical copper, nickel 
and other metals. 


Sargent analyzers are completely line operated, employing self-contained 
rectifying and filter circuits. Deposition voltage is adjusted by means of 
autotransformers, with meters indicating volts and amperes and controls 
on the panel. An easily replaceable fuse guards against circuit overload. 
Maximum D.C. current capacity is 5 to 15 amperes; maximum D.C. volt- 
age available, 10 volts. 

Sargent-Slomin Analyzers stir through a rotating chuck operated from 
a capacitor type induction motor, having a fixed speed of 550 r.p.m. with 
60 cycle A.C. current or 460 r.p.m. with 50 cycle A.C. current. Motors are 
sealed against corrosive fumes and are mounted on cast metal brackets, sliding 
on 2” square stainless steel rods, permitting vertical adjustment of elec- 
trode position over a distance of 4”. Pre-lubricated ball-bearings support 
the rotating shaft. All analyzers accommodate electrodes having shaft 
diameters no greater than 0.059 inch. Stainless steel spring tension chucks 
permit quick, easy insertion of electrodes and maintain proper electrical 
contact. Special Sargent high efficiency electrodes are available for these 
analyzers. Illustrated above is one model of the five types of Sargent-Slomin 
and Heavy Duty Analyzers. 
$-29465 ELECTROLYTIC ANALYZER—Motor stirred, Two Position, 
5 Ampere. With two adjustable heaters, pilot lights and control knobs. 
For operation from 115 volt, 50 or 60 cycle A.C. Circuits.......1.0+00-++$590.00 
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Gravity Field Effects on Zinc Anode Discharge 
in Alkaline Media 


M. Eisenberg, H. F. Bauman, and D. M. Brettner 


Lockheed Missiles and Space Division, Sunnyvale, California 


ABSTRACT 


Under conditions of zero-gravity such as may prevail in satellites and space 
vehicles the absence of free convection may represent a major problem in the 
use of some primary or secondary batteries. An experimental study was carried 
out on smooth zinc anodes in 30% KOH solutions in which constant current 
discharge at various current densities was carried out to the point of passiva- 
tion. By use of three different orientations in the gravitational field, different 
modes of mass transfer were obtained. An extrapolation of the results for low 
current density and long duration runs (over 20 sec) led to three limiting cur- 
rent densities values for the three positions. These values were also calculated 
from theoretical equations using measured or estimated physical properties. 
The importance of free convection vs. diffusion was also demonstrated by means 
of incremental fixed current-time experiments which determined anode ca- 
pacity to passivation. Physical properties of the system were measured and 
anodic dissolution studies were made to obtain the necessary data for calcu- 
lations. The gravity field effects important in systems involving density gradi- 
ents would become even more important under the influence of larger ac- 
celerations in space vehicles or missiles. These accelerations could produce 
sizable differences in the performance of porous zinc anodes. 


— 


The advent of space exploration and space flight oF: 
gives rise to some interesting questions as to the S| 
effect that zero-gravity, or near zero-gravity, may ci ieee 
have on the performance of primary and secondary CONCENTRATION GRADIANT AGAINST GRAVITY FIELD 
batteries and of fuel cells in space vehicles. In an 
earlier study by Eisenberg (1), the effect of the 
absence of free convection resulting from the gravi- 
tational field of the earth was considered theoreti- 
cally in regard to the mass transfer mechanism for 
a soluble anode such as zinc in alkaline media. Due 
to the unavailability of reliable physico-chemical 
data on alkaline zincate solutions, only approximate 
numerical examples were given at that time (1). 

In view of the difficult problem of realizing grav- 
ity-free conditions in a laboratory, it was decided 
to study the effects of the gravity field by changing 
its orientation in respect to the concentration and 
density gradient in the vicinity of the working 
anodic electrode. Three different electrode orienta- 
tions were chosen and used successfully for the pur- 
poses of this study. Although the effects of zero- 
gravity conditions on batteries and fuel cells may 
be manifold (e.g., difficulties in phase separation, 
complications due to overcharge of cathode and/or 
anode, etc.), the experimental study was limited to 
the problem of absence of free convection in a 
battery. This convection is related to the density gra- 
dient resulting from a concentration buildup in the 
vicinity of a soluble anode. 


DIRECTION OF 
EAMTHS GRAVITY FIELD 


ANODE VERTICAL 
PARALLEL TO GRAVITY FIELD 


ANODE HORIZONTAL TOP 
CONCENTRATION GRADIANT WITH GRAVITY FIELD 


Fig. 1. Three orientations of the gravity field 


Mass-transfer calculations require the knowledge 
of physical properties of the bulk electrolyte and 
the electrolyte in the vicinity of the working elec- 
trode. For the sake of simplicity, all properties were 
determined in 6.924M (30% by weight) potassium 
hydroxide solutions at room temperature. Essentially 
carbonate-free reagent grade potassium hydroxide 
was used. No efforts were made to remove any dis- 
solved oxygen from the solutions. 

Physical properties.—Viscosity and density meas- 
urements at 25°C were made of 6.924M KOH solu- 
tions saturated with ZnO in a constant temperature 
bath controlled to +0.05°C. The clear supernatant 
solution was decanted and density and viscosity de- 

As discussed in the introduction, the simplest termined by conventional methods. Zinc analysis 
manner in which gravity field effects on the anode was carried out by titration with potassium ferro- 
discharge mechanism could be studied under labora- cyanide solution. In addition, density of pure 6.924M 


Experimental Procedures 


tory conditions was by a choice of three positions 
illustrated in Fig. 1. 


KOH (approximately 30% by weight) solution was 
measured. 


| 
4 
4 
Ly 
dd 
pice 
| 
| 
4 
| 
i 
Be 
4 
| 
ig 
} 
| 
ay 
| 
909 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Table |. Concentration studies on thin electrolyte layers near anode 


Temperature, 24° + 1°C; anode area, 73.6 cm? 


October 1961 


Extrapo- 
lated in- 
Estimated Experimental Experimental terfacial 
anode zinc concen- zine concen- zinc 
Sample Current layer tration in tration in concen- 
Run collection density, Duration Capacity, density, sampled layer, bulk solution, tration, 
No. technique ma/cm? of run, min coulombs/cm®? g/cm* Cay m/l Co m/l Ci m/i 


S-7 Drip 163/81.5 

S-8 Drip 81.5 25 
S-9 Paper 81.5 25 
S-10 Paper 81.5 25 
S-11 Paper 81.5/27.1 48 
S-12 Paper 81.5 45 
S-14 Paper 81.5 53 
S-15 Paper 81.5 15 
S-16' Bulk 81.5 235 
S-17 Bulk 81.5 


‘) Volume of electrolyte 260 cm*. 
’ Area 36.8 cm*; volume of anolyte, 110 cm*. 

Density 1.394 g/cm*. 

Density 1.411 g/cm’. 


It is known from the work of Dirkse (2) that zinc 
concentrations greater than those obtained by equil- 
ibrating ZnO with aqueous KOH can be produced 
by anodic dissolution in zine alkaline solutions. 
After an initial attempt to obtain samples for de- 
termination of physical data by controlled syringe 
sampling methods proved unsatisfactory, a different 
approach was employed. A 6.35 x 5.7 cm sheet zinc 
anode (99.99% )' was clamped with a silver oxide 
cathode spaced on either side. After passage of the 
current for some time, the anode was removed from 
the cell and the dripping liquid film collected as a 
sample for analysis. The paper-collected samples 
(Table I) were from similar runs in which weighed 
filter paper was pressed against the anode, after its 
removal from the cell, to absorb the more adherent 
liquid. 

Bulk electrolyte samples were secured from a gal- 
vanic cell, with stirred electrolyte with and without 
applied current from an outside source, and analyzed 
to obtain zinc concentrations possible at the anode 
interface without precipitation. A zinc sheet anode 
was suspended between two silver oxide cathodes 
which were replaced as discharged to permit long 
runs. The anode was changed when it became pas- 
sive, and this run (S-16 in Table I) was stopped 
when a fresh anode passivated in less than a minute. 
An applied current run (S-17) required a porous 
cup surrounding the anode to prevent plating zinc on 
the cathode, and only the anolyte chamber was 
stirred. Anodes were replaced when area was lost 
by dissolution, and the run was stopped when the 
anolyte appeared cloudy. Samples were pipetted 
from the electrolyte or anolyte during the run for 
analysis at various times, and the final sample was 
also used for density measurement. Table I sum- 
marized the results of this work. 

Constant current discharge.—Experiments with 
constant current discharge, until the onset of passi- 
vation on the anodic surface, were carried out at 
various current densities and for the three different 
positions as shown in Fig. 1. A Lucite cell, presented 


‘Horse Head Special-2, Mix-60, New Jersey Zinc Company, 
New York, N. Y. 


1.350 

1.225 1.349 0.94 — — 
1.225 1.351 0.95 
1.225 1.353 0.99 

—_ 1.379 1.42 0.450 2.39 
2.200 1.388 1.58 0.474 2.69 
2.590 1.395 1.89 0.584 3.20 
0.734 1.373 1.33 


in Fig. 2, was employed. Initially, no care was taken 
to eliminate edge effects. Active area in this case 
was 34.2 cm* with the basic dimensions 6.35 cm high 
x 5.70 cm wide and the corners masked by the 
spacers. Later, for some experiments, special frames 
were made to assure uniform primary current dis- 
tribution. These were 5.7 cm high and 5.0 cm wide 
with an active area of 28.5 cm*. Experiments with 
the top horizontal positions were complicated by gas 
bubbles which were formed at the oxide cathode and 
rose to the top, i.e., to the zinc anode surface. To 
prevent this, it was necessary to use fully charged 
cathodes and also to provide a nylon cloth dia- 
phragm stretched over the cathode to retain there 
temporarily any gas bubbles in the lower (cathodic) 
compartment. 

The zine anode potential was measured with a 
standard Hg-HgO reference electrode. The elec- 
trodes were clamped in a frame with spacers, and 
a small diameter drawn polyethylene tube was in- 
troduced through a side hole in the Lucite frame. 
Cleaned high-purity zinc sheet (99.99%) was used 
as anodes. The circuit shown in Fig. 2 included a 
multichannel (Sanborn Type 350) recording oscillo- 
graph permitting simultaneous records of current, 
cell voltage, and anode polarization as measured by 
the reference electrode. The passivation time, t, was 


OAD RESISTOR AMMETER 
PRECISION SHUNT 
VOLT METER ‘ 
— 
/ OSCILLOGRAPHIC 
t RECOROER 
SANBORN 350 
CHANNEL 
7 CURRENT (\) 
Switc | 
| 


J 
CHANNEL | 
CELL VOLTAGE CELL) 
os J 
CATHODE 
CHANNEL 
REFERENCE CELL 
VOLTAGE (Vv REF) 
ANOOE 
CELL ASSEMBLY 


REFERENCE ELECTRODE Hg 


Fig. 2. Cell and circuit schematic diagram 
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Table II. Constant current discharge of smooth zinc anodes 


Bottom position Vertical position Top position 


Applied Time to Applied Time to 

current anode Applied current anode 

density passivation Run current passivation density passivation 
I, ma/cm? t, sec No. I, ma/cm? t, sec 5 I, ma/cm? 


88 278 202 146 607 219 
88 251 203 146 587 234 
88 435 201 160 » 335 234 
88 571 200 160 321 234 
117 129 124 175 115 234 
117 104.6 125 175 57.1 248 
117 182 126 175 94.8 248 
117 152 127 175 53.8 263 
146 58.8 128 175 54.1 263 
146 55.4 174 175 229 263 
175 39.8 175 175 224 
175 39.7 180 181 
204 26.8 181 190 
204 27.8 178 190 
234 25.4 183 192 
234 179 199 
234 119 234 
263 ‘ 120 234 
263 121 234 
320 ‘ 173 234 
424 . 117 263 
460 . 118 263 
550 : 182 280 
555 172 320 
192 384 
199 439 
184 490 
198 555 
234 560 
191 629 


determined as the time at constant current from the time, anode polarization was measured by subtract- 
moment of closing the switch to the moment at ing from each anode potential at a given current the 
which passivation occurred, as demonstrated by a original zero current potential. The maximum cur- 
sudden drop in the current and a large polarization. rent density just prior to the onset of passivation can 
The results of these experiments given in Table II then be designated as a quasi-limiting current den- 
are plotted in Fig. 3. sity characteristic of a particular current-time his- 

Studies of limiting current density and anodic tory. Under these conditions different “limiting cur- 
polarization by increasing current increments.—It rent” values should be obtained for the three indi- 
was desirable to develop an experiment in which vidual positions. Experimental results on zinc anodes 
sufficient time would be made available for estab- 
lishment of free convection conditions. Accordingly, 
a stepwise application of current for fixed periods of 
time was decided on. The experimental setup and 
material were essentially similar to that described 
above. The procedure, however, involved applying 
a predetermined program of currents in equal in- 
crements for equal amounts of time. At the same 


ELECTRODE HOmZONTAL 
226 


SMOOTH ELECTRODE VERTICAL 
un 227 


SPONGE ELECTRODE HOMZONTAL 
259 


-*- ELECTRODE VERTICA: 
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SOL OENSTY | 296 


40 60 100 120 
WET ANODIC POL AM ZATION (464), VOLTS 
Fig. 4. Anodic polarization curves for zinc (l-min dura- 
Fig. 3. Current density-passivation time relationship for tion periods at each current density and approximately 6 
the three anode positions. ma/cm’ increments). 


| 
911 
No. 
161 18.9 
171 228 
150 79 
162 14.3 
170 12.3 
151 13.9 
154 9.8 
155 9.9 
156 15.0 
157 11.0 
158 
160 7.0 
169 6.1 
146 4.0 
og 147 3.4 
168 
221 
233 
232 
220 
4 
| 


Run Anode type Anode 
No. position 


188 Bottom 


Smooth zinc sheet 


193 Bottom 


196 Vertical 
Smooth zinc sheet 
230 Top 

222 Top 

224 Top 

231 Top 

227 Smooth zinc sheet Vertical 
228 Vertical 
225 Bottom 
226 Bottom 


235 Bottom 
237 Commercial zine sponge Vertical 
238 Vertical 


are shown in Table III and the net anode polariza- 
tion values are plotted in Fig. 4. 

Since it was expected that in the case of spongy 
zine anodes the differences between the three posi- 
tions would be minimized, additional experiments 
were also carried out for this case. The results of 
four runs with such spongy anodes are shown in 
Table III, in which the number of coulombs per unit 
area passed through the anode up to the moment at 
which passivation was achieved is also given. 


Discussion 

Physical properties of the electrolyte saturated 
with ZnO were necessary for mass transfer calcu- 
lations. The density of 6.924M KOH at 25°C was found 
to be 1.2936 g/cm’. This solution became saturated 
with ZnO at a concentration of 0.690 moles/l and 
after saturation its density was 1.3360 g/cm’ and 
viscosity was 2.53 cps. From density data the densifi- 
cation coefficient a was calculated to be used later 
in the calculation of the Grashof numbers (see No- 
menclature). 

Zine concentrations of 1.5 moles per liter (m/1) 
were obtained by Dirkse (2) by anodic dissolution 
studies. A knowledge of the higher zinc concentra- 
tions obtained by anodic dissolution is necessary for 
determining the interfacial concentration (C,) used 
in calculations of the diffusion rate and of Grashof 
numbers required for free convection calculation. 
Because of the difficulty of measuring the interfacial 
concentration directly, a thin film of electrolyte on 
the anode was removed (by pressing with weighed 
filter paper) and analyzed for zinc to obtain an 
average concentration for the film. The zinc con- 
centration in the bulk electrolyte was used with the 
average concentration of the film to extrapolate a 
value of C,. Calculations from runs S-11 and S-12, 
Table I, give interfacial concentrations from 2.4 to 
2.7 m/1 of zine and these results receive some verifi- 
cation from the bulk concentration obtained by long 
duration anodic dissolution (run 5-17, Table I). 
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Table Ill. Determination of “limiting current” by fixed current and time increments 


Temperature 24° + 1°C 


October 1961 


Step sequence, Timeto Currentdensity Capacity to 


passivate, just prior to onset of 
passivation passivation 
amp, 1 min each sec ma/cm? coulombs/cm? 


580 
602 


83.0 
90.0 


29.6 
31.4 


2.0, 3.0...5.0, 5.5 242 190.0 29.7 
2.0, 3.0...5.0, 5.5 254 190.0 31.8 
2.0, 3.0...5.0, 5.5 426 205.0 57.0 
2.0, 3.0...5.0, 5.5 420 205.0 56.2 
2.0, 2.2...5.0, 5.5 1390 196.0 171.3 
2.0, 2.2...5.0, 5.5 1801 234.0 258.0 
2.0, 2.2...5.0, 5.5 1368 187.0 167.0 
2.0, 2.2...5.0, 5.5. 1172 170.0 132.0 
2.0, 2.2...5.0, 5.5... 1185 170.0 134.0 
2.0, 2.2...5.0, 5.5... 444 99.0 34.2 
2.0, 2.2...5.0, 5.5... 540 105.0 44.2 


2.0, 2.2...5.0, 5.5... 942 175.0 114.3 
2.0, 2.2...5.0, 5.5... 1130 189.0 149.0 
2.0, 2.2...5.0, 5.5... 1160 203.0 155.5 
2.0, 2.2...5.0, 5.5... 1005 184.0 125.5 


A value of 2.4 m/l was chosen for the interfacial 
concentration with corresponding values of density 
and viscosity. Interfacial densities were then calcu- 
lated by adding to the experimentally measured bulk 
density a density correction calculated from the 
densification coefficient, 


a = 47cm*/mole 


(also derived experimentally), and the interfacial 
concentration according to a method described in 
Ref. (6). Examples of such calculations are shown 
in Table I for runs S-il through S-14. Measurement 
of any diffusion coefficients was not attempted in 
this study since it represents a complex problem be- 
cause of the changes in ionic species involving zinc 
after its dissolution (3-5). 

Soluble reaction products from a working elec- 
trode usually cause density gradients in the electro- 
lyte. The density differences result in natural or free 
convection flows in the electrolyte which depend on 
the magnitude of the acceleration forces affecting the 
system as well as its geometry. The over-all mass 
transfer rates near the limiting current density of 
an electrode should increase with the one-quarter 
or one-third power of the acceleration value (6). 

Free convection can be established in a cell only 
after an initial time period which, depending on 
the rates and physical properties of the system, may 
range from seconds to minutes. Diffusion and migra- 
tion are controlling mechanisms for mass transfer 
during this short time interval. For a situation in 
which ions generated at the anode diffuse away, time 
and current density are related by the following 
form (7) of the diffusion equation: 


nFAC\/D F 
= 
I= 2 
[1] 


7 


where AC is the concentration difference between 
the electrode surface and a point in the bulk (beyond 
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the boundary layer). The anodic dissolution of zinc 
is complicated by the formation of intermediate 
hydroxides of zinc and one or more forms of zincate 
ions (5). As is evident from anodic dissolution runs, 
equilibrium is reached slowly between these prod- 
ucts. Landsberg (4, 5) correlated experimental re- 
sults from the anodic dissolution of zinc in sodium 
hydroxide with the expression in the form 


I—I,= Bt” [2] 


where t is the time to passivation, and B and I, 
are constants, the latter increasing with the hy- 
droxyl ion concentration in the electrolyte. 

For runs in which passivation was reached in less 
than 20 sec, a straight line relationship could be es- 
tablished between I and t''*. A least-squares fit of 
the data resulted in the following correlation: 


I — 0.0636 = 0.846-t** [2a] 


where the I value has a range of 0.25 to 0.60 amp/ 
cm’ and t has a range of 2.5-19 sec. A direct compari- 
son with the corresponding values of Landsberg (5) 
(1, 0.0080 and B = 0.533) shows qualitative 
agreement but has limited significance because of 
his use of different electrolytes and concentrations. 

Figure 3, which presents a correlation of the data 
in Table II, shows the importance of convection at 
current densities below 0.250 amp/cm* where time 
to passivation is more than 20 sec. 

The three anode positions result in lines of differ- 
ent slope. These lines can be extrapolated to t"? = 
0 (i.e.,t > x) to obtain a comparative limiting cur- 
rent density value for each of the positions. This 
would be the maximum current density at which 
no passivation would occur regardless of time. This 
is perhaps the only way in which a precise defini- 
tion of the concept of limited current density can 
be given for an anode undergoing passivation, such 
as zinc in alkaline media. These values can then be 
related to predictions made for limiting current 
density from known theory. 

The limiting rate of mass transfer for vertical 
electrodes can be represented (1, 6) by the follow- 
ing equation: 


Nu’ = —— = 0.677 [3] 


The over-all mass transfer coefficient, k,, can be 
related to the applied current density. Thus, 
I(1 — 
Rate = k, (C, —C,) = ——————_- [4] 
nF . 


(For definition of symbols see Nomenclature.) 


Anode position Mode of mass transfer 


Top, Horizontal’ 
bulent type flow 


Table IV. Calculated and extrapolated experimental limiting current values 
Smooth zinc anodes in 30% KOH at 25°C 
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Calculated values of the limiting current density 
I, are compared with the extrapolated experimental 
I, in Table IV. Diffusion equations discussed previ- 
ously can be used to calculate limiting current den- 
sities for the case of the horizontal anode in the 
bottom position. 

For the case of flat plate horizontal electrodes (i.e., 
orthogonal to the gravitational field vector) the 
available theoretical background is far less satis- 
factory. A free convection study of a horizontal 
cathode facing upward in a copper sulfate-sulfuric 
acid electrolyte by Fenech (3) led to the following 
general correlations: 


Nu’= 0.129 (Se"'-Gr)"” [5] 


Except for the estimated diffusion coefficient value, 
the following experimentally obtained or extrapo- 
lated physical properties were employed for mass 
transfer calculations: 


ac =C,—C, =C, —0 = 2.4 - 10° m/cc 
Pay = 1.350 g/cc 
Pay = 2.50 - 10° poise 
a = 47 cm’*/mole 
D (est) = 0.33 - 10° cm*/sec 
Anode height 


(for vertical case) L = 6.35 cm 


Calculated values for limiting current density for 
each of the cases studied are compared in Table IV 
with extrapolated correspondent experimental val- 
ues obtained from Fig. 3. 


For the horizontal convection case, the agreement 
in Table IV is poor. On the other hand, there are 
serious grounds for doubt as to the applicability of 
Eq. [5] to the case under study. It is known from 
heat transfer, for instance, on hot horizontal plates 
that the heat transfer coefficient for a given temper- 
ature differential is considerably higher for a hori- 
zontal plate facing upward than for one facing 
downward (8). Bearing the heat-mass-momentum 
transfer analogy in mind, one would expect that a 
relation properly describing the convective top 
horizontal case of this work (facing downward) 
would most likely also yield lower Nusselt and lim- 
iting current density values than those calculated 
from Eq. [5], a correlation obtained for the case 
of a cathode facing upward. It is also likely that the 
time required for the development of full convec- 
tion is larger for the case of a horizontal electrode 
than for a vertical one. The result for the vertical 


Nusselt Calc. lim. Extr. exptl. 


number, C.D. In, 
Equation Nu amp/cm? amp/cm? 


Free Convection, with Benard or tur- [5] 1,326 0.319 0.228 


Vertical Free Convection, with parallel lam- [3], [4] 558 0.134 0.143 


inar or turbulent flow 
Bottom, Horizontal” 


Pure Diffusion, unless disturbed 


[2] _ 0.051 0.067 


(e) Equation [5] may not apply to the anodic case (see Discussion) . 


‘» Calculated with an assumption of § = 0.03 cm. 
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electrode calculated from Eq. [3] and [4] agrees 
satisfactorily with the experimental extrapolated 
value (Table IV). 

Calculations for the bottom horizontal anode op- 
erating under undisturbed pure diffusion are much 
more complex. Diffusion theory as applied to an 
electrochemical process leads to the conclusion that, 
given sufficient time, every current density may be- 
come limiting unless other transfer processes are 
prevalent. The boundary-layer thickness, 5, defined 
by Eq. [1] is, of course, variable with time. Within 
a limited period of time one may, however, choose 
to calculate with an average value of the boundary- 
layer thickness, 5, over that period of time. It is pos- 
sible to calculate for the system under study that 
within a period of 4 min, 5 grows to a value of 0.03 
cm. Since most of the runs rarely exceeded 10 min, 
it was convenient to adopt an average value of 6 of 
0.03 cm for the period. On the basis of this assump- 
tion and with the realization that the diffusion co- 
efficient value, D, accepted for these calculations 
may be incorrect, a limiting current value of 0.051 
amp/cm* was calculated as shown in Table IV. This 
compares with the experimental value of 0.067 amp/ 
cm’. It appears, therefore, that an average boundary- 
layer thickness of about 0.02 might be correspond- 
ing to the prevalent situation for runs up to 10 min. 

In the conventional method for determining lim- 
iting current densities for a working electrode one 
usually applies ever-increasing currents and ob- 
serves net electrode polarization until an extensive 
anodic polarization due to concentration polariza- 
tion indicates the value of the limiting current. A 
simple consideration of the mass transfer problems 
suggests that the prior current-time history has a 
strong effect on the value of the current density at 
which passivation will take place in the case of an 
anodic process in which passivation by an oxide 
layer may become the limiting anodic process. Table 
III shows the results of such experiments on zinc 
anodes and allows a comparison of the electrode 
positions and of the size and spacing of the current 
increments. As would be expected, larger current 
increments allowed higher currents to be reached 
before the onset of passivation. With smooth elec- 
trodes, passivation occurred very abruptly, as shown 
by simultaneous drop of current and cell voltage 
and increase in anode polarization. The seven runs 
in Table III with smooth sheet zinc anodes for the 
three anode positions studied with the same initial 
program of current-time increments demonstrate 
the outstanding differences in the mass transfer 
mechanism due to the different orientations to the 
gravity field. This is shown by both the quasi-lim- 
iting current densities (i.e., current density just 
prior to passivation) and by the total numbers of 
coulombs per unit area (i.e., anode capacity values 
up to the onset of passivation). It was, of course, to 
be expected that under a current-time increment 
program the resulting quasi-limiting current density 
values would be higher than the extrapolated values 
of Fig. 3. This should be easily seen from the differ- 
ences in definition and methods of determination. 
Impressive differences, however, are obvious be- 
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tween the bottom and the vertical positions of the 
order of 70%. The comparison of the capacity to 
the onset of passivation in terms of coulombs/cm* 
is even more impressive. For the same time-current 
program the vertical electrode (under free convec- 
tion conditions) had a capacity four times as large 
as the horizontal bottom electrode (operating under 
pure diffusion). 

While the relatively low ratio of true area to 
apparent area in the case of zinc sheet anode en- 
abled the demonstration of these outstanding mass 
transfer differences, it was obvious that these differ- 
ences would be minimized in the case of spongy zinc 
anodes because the high area ratio permits very 
large apparent current density values even in the 
case of pure diffusion. Results on such experiments 
are shown on commercial sponge zinc anodes and 
are given in Table III and Fig. 4. The passivation 
of a sponge zinc electrode is not abrupt. There is a 
gradual increase in anode polarization with a rising 
rate. The sponge zinc anode has a large true area, 
but its porous character results in wide differences 
in true current density over this area, particularly 
in depth of the electrode. The point of passivation is 
reached at different times at different points rather 
than abruptly as with smooth sheet anodes. The 
choice of position has a much smaller effect in the 
case of the sponge zinc anodes since most of the cur- 
rent is here carried by the interior surfaces of the 
electrode which are not exposed to the external 
convective flow operating on the outer surface. 

It is important to realize that in these experiments 
the gravitational acceleration had only a value of 
1 g and therefore the convective flow may have been 
insufficient to demonstrate the differences in the 
case of porous spongy anodes. No doubt under larger 
values of acceleration such as prevalent in missile 
flights this effect could be demonstrated much more 
clearly in the case of spongy anodes. In such cases, 
the orientation toward the vector of force of accel- 
eration would have a significant effect on the trans- 
port processes and performance of spongy anodes. 
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NOMENCLATURE 


B, constant expressed as the anne, in equation of form 
I—I, amp/cm* sec” 
local concentration, moles/cm*. 
C., bulk concentration moles/cm*. 
C.., saturation concentration, moles/cm’. 
D, diffusion coefficient, cm*/sec. 
F, The Faraday, amp-sec/g-equivalent. 
gaAdcL* 
Gr, Grashof number, dimensionless — ———— 
Vv 
g (ps —_ po) Pav -L 


g, acceleration of gravity, g-cm/sec’. 
I, current density, amp/cm:. 

limiting current density, amp/cm’. 
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I,, constant in equation, depending on conc. of alkali. 

k., mass transfer coefficient, cm/sec. 

L, ‘height of vertical electrode, cm. 

n, valence change of reacting ion, i. 

N», mass transfer-dimensionless group for pure diffu- 

Nu’, D = Nusselt number for mass transfer, di- 

mensionless. 


Vv 
Sc, Schmidt number, dimensionless = — 


t, elapsed time to passivation, sec. 
t:, transference number of the potential determining 
ionic species, i. 
a, specific densification 
1 ( dp ) 
— 
p \de 
5, equivalent concentration film thickness, cm. 
Viscosity, poise, g/sec-cm. 
v, kinematic viscosity, cm*/sec. 
p, density, g/cm’. 
pay, arithmetic average density, g/cm*. 


p:, local film density, g/cm’. 
p., bulk density, g/cm’. 


coefficient, moles/em* = 


A Model for Electrochemical Reaction Kinetics of Solid-State 
Phase Transformations in Reversible Electrodes 


George T. Croft' and Donald Tuomi” 


Thomas A. Edison Research Laboratory Division, McGraw-Edison Company, West Orange, New Jersey 


ABSTRACT 


An atomistic model is presented for the reversible oxidation-reduction of a 
compound, MX, which separates a metal, M, from an electrolyte containing 
anions X~. The electrochemical film growth is assumed to depend on the pres- 
ence of lattice imperfections. The detailed mass and charge transport mechan- 
ism is controlled by the particular set of exchange reactions at the M-MX and 
MX-electrolyte interfaces. If cation vacancies and holes are the relevant lattice 
and electronic imperfection, there are four possible sets of exchange reactions. 
Each set and the distribution of the overpotential across each interface deter- 
mines a particular electrochemical mechanism. 


This paper is a discussion of the reversible oxi- 
dation or reduction of a compound, MX, which sep- 
arates the metal, M, from an electrolyte containing 
anions X. The compound MX contains both ionic 
and electronic defects, and these defects are in- 
volved in and play a dominant role in the exchange 
reactions at the metal-compound and compound- 
electrolyte interfaces. The defects also promote mass 
and electricity transport through the compound. The 
study of electrodes of this nature has been hampered 
by the lack of an adequate atomistic model for the 
electrochemical kinetics. 

For example, consider the electrochemical proc- 
esses occurring at the Cd negative electrode of the 
Ni-Cd cell. Models based on complex reaction se- 
quences involving combinations of ion hydration, 
solution, and precipitation of the oxidized phase (1) 
are not in accord with the experimental facts. Recent 
data show that the kinetics of reversible electro- 
chemical reactions, such as Ag/Ag.O or Cd/Cd(OH), 
where the Ag.O and Cd (OH), are adherent films 
on the base metal, must be considered as processes 


1 Present address: Pitney-Bowes Inc., Stamford, Connecticut. 


2 Present address: Roy C. Ingersoll Research Center, Borg-Warner 
Corporation, Des Plaines, Ill. 


which take place by solid-state transport phenom- 
ena (2). The models used to explain Al and Ta oxi- 
dation apparently are not directly applicable. 

In the range of reaction rates of interest to battery 
applications (overpotentials from 0 to 100 mv and 
current densities to 20 ma/cm’*), the anodic oxida- 
tion of cadmium in alkaline electrolytes yields a 
coherent crystalline Cd(OH),. film on the metal. 
The color of this hydroxide ranges from pale yellow 
to brownish-red, in contrast to the normal white 
compound obtained by solution precipitation. Fur- 
thermore, the pale yellow samples are bleached 
white by exposure to x-rays. This fact indicates the 
presence of defects in the Cd(OH), lattice. The elec- 
trochemically prepared Cd(OH), is a p-type semi- 
conductor and has a well-defined layer lattice crystal 
structure and cannot be classed as amorphous. The 
rate of oxidation as a function of overpotential has 
a maximum, a fact difficult to explain by solution 
mechanisms. 

The Cd-Cd(OH), electrodes are characterized by 
a unique reversible open-circuit potential which 
means the electrode reaction involves a readily 
reversible and large exchange current at both the 
Cd-Cd(OH),. and the Cd(OH), electrolyte bound- 
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aries. The reaction kinetics at each of these bound- 
aries must be readily reducible to the reversible 
state without the introduction of irreversible steps. 
This qualification for Pb electrode kinetics has been 
noted by Beck, Lind, and Wynne-Jones (3). 

The theory developed below specifically relates 
to an electrochemically formed compound MX which 
contains only cation vacancies as the ionic or lattice 
imperfection and holes as the electronic imperfec- 
tion. 


Theory 


A discussion of electrochemical reaction kinetics 
subject to the condition of an MX covering layer on 
a metal M can be divided into three parts; namely: 
(a) the mechanism for mass and electricity trans- 
port through the compound, (b) the electrochemical 
exchange reactions at the metal-compound interface, 
and (c) the electrochemical exchange reactions at 
the compound-electrolyte interface. 

The compound MX is considered to be a crystal- 
line solid with an ordered crystal structure. The 
assumption is made that the transport of mass and 
electricity is promoted by the electronic and/or 
ionic imperfections present in the compound (4). 
{This is similar to the customary assumptions ap- 
plied to the gas phase oxidation of metals with the 
formation of a protective layer (5).] A consequence 
of this assumption is that the electrochemical ex- 
change currents at the two interfaces, metal-com- 
pound and compound-electrolyte, will involve the 
imperfections. 

The first step in the formulation of the theory is 
to describe the interface electrochemical exchange 
processes as quasi-chemical “reactions” involving 
the lattice imperfections as reactants and products. 
The reactions are then described in terms of the 
band theory of solids, taking into account the curva- 
ture of the bands of a semiconductor-metal contact. 
It is then shown that the mechanism for mass and 
electricity transport, i.e., growth rate, is controlled 
by the exchange reaction. 

Interface electrochemical exchange reaction.— 
Since the electrode is reversible the half cell reac- 
tion is given by 


M+X°=MX+<« [1] 


This reaction must be expressed in terms of the 
exchange currents at the metal-compound and com- 
pound-electrolyte interfaces. 

For definiteness and to simplify the discussion the 
compound MX shall be considered to contain cation 
vacancies, ()",; holes, p; and hole-vacancy pairs, 
p/C)’.. The defects are described by the notation of 
Rees (6). The symbol M’/(D)", represents a metal 
ion, M’, located on its proper cation site, [’,, in the 
compound MX; but the symbol M/D),, is equivalent 
to a metal atom, M, on the proper metal site. A sub- 
script “o” or “m” on the vacant site symbol means 
“a vacancy in the oxide or metal,” respectively. 
The quantities 0’, p, p/D’, etc., are considered as 
chemical entities subject to the law of mass action. 
The vacant cation site, 1'., has a net charge of minus 


October 1961 


Metal Compound Electrolyte 

M Mx ALS 
MM M Mx 
M M x OS X M 
M On M MX M X H,0 
MM MtX MXM) 
MM M | MX AL 
MM X MI y- 


Fig. 1. 
compound MX from electrolyte-A*, lattice vacancy 


Electrochemical system of metal M separated by 


in metal; [J*., lattice vacancy in compound; p, hole in val- 
ence band; hole trapped on 


one in a uni-uni valent compound, but the [,, in the 
metal would have a zero charge.* 

The defects in the compound, MX, are in equi- 
librium with the metal, M, and with the aqueous 
electrolyte A’, and X, as illustrated in Fig. 1. The 
subscript, 1, on X° signifies that the ion is in the 
liquid phase. Additional limitations are now intro- 
duced: the mass transport through MX does not 
involve anion migration and the anion does not dis- 
solve in the metal. 

Plausible electrochemical exchange reactions at 
the metal-compound interface are 


M/O. + + Om + €m [2] 
and 


M/O.. + 0m +P. + €m [3] 


Exchange reaction [2] describes (see Fig. 2) the 
reaction of a metal atom from the metal with a 
cation vacancy in the compound MX to produce a 
vacancy and a free electron in the metal. Exchange 
reaction [3] is the reaction of a metal atom from the 
metal with a neuiral hole-vacancy pair in the com- 
pound to produce a vacancy in the metal, a free 
electron in the metal, and a free hole in the com- 
pound valence band. 

At the electrolyte side of the compound MX, a 
metal ion on a normal site can make a transition 


* By definition a metal atom in a solid is a metal ion on metal 
site plus an electron, that is 


M: Tm + €m = Matom 
therefore 
M+ + em + Cm Matom 


showing that [}» is a neutral entity and simply represents a vacant 
lattice site in the metal. 


Metal Compound Metol | Compound 
M | Me Mo: MK 

M | M | x 

xk M M x M 

MoM M x 

M x M x 
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MOM | x | x 
MoM | x M MM | x M 


Fig. 2. Electrochemical exchange reactions at the metal- 
compound interface. 
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from an interior site to a surface or exterior site and 
create a cation vacancy in the compound. Thus the 
following reaction occurs: 


0. [4] 


where the symbol [)’, describes a surface site located 
in the Helmholtz double layer. Alternatively, a 
metal atom, M, may make a transition from an in- 
terior site to an exterior site, according to the equa- 
tion: 

= M/O’. + p/O’. [5] 


thus creating an interior hole-vacancy pair. 

Once a metal atom or ion occupies an exterior 
site, reaction with an anion from the electrolyte can 
occur. The corresponding reactions are 

M’/O’.,+ X,=MX [6] 
and 
[7] 
respectively. 

Combining Eq. [4] with [6] and [5] with [7] the 

exchange reaction at the electrolyte side is 


+ X,=MX+0". [8] 


if the metal ion combines with the anion from the 
electrolyte and 


+ [9] 


if a metal atom combines with an anion from the 
electrolyte. The compound-electrolyte exchange re- 
actions are illustrated in Fig. 3. 

At equilibrium the exchange processes described 
by Eq. [2] and [3] and described by Eq. [8] and [9] 
are equivalent because the equilibrium 


p+O’.=p/0". [10] 


is maintained throughout the compound. The com- 
bination of Eq. [10] with Eq. [2] and [8] yields the 
set [3] and [9], respectively. The equilibrium state 
is independent of the path as required by thermody- 
namics. 


| 


myo xX M| 


M Xx M Xx | 


x M 


x MIX x of 


| 


M XxX 
i> 


(6) Xi MX 
(8) 


| 


(5) M7O% M Mot 
(7) M p MX 
(9) MY¥at + p+ Xj MX+ Hot 


Fig. 3. Electrochemical exchange reactions at compound- 
electrolyte boundary. 
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By adding Eq. [2] or [3] to [8] or [9] and using 
the Eq. [10] one obtains 


+ X= MX + Om + €m [11] 


which is the original half-cell reaction given by Eq. 
[1]. Thus the half-cell reaction is readily described 
in terms of the proposed exchange reactions occur- 
ring at the metal-compound and compound-electro- 
lyte boundaries. Furthermore, for a compound MX 
produced as a phase separating a metal M from the 
electrolyte ion X~, the half-cell react:on is formu- 
lated as a solid-state reaction not requiring solution 
of the cation during the reaction. 

Equations [2] through [9] express symbolically 
the net effect of exchange reactions at the bound- 
aries. Thus far, exchange mechanisms have been 
formulated which are consistent with the half-cell 
reaction and with the imperfections in the com- 
pound. The relevance of the equations to electro- 
chemical oxidation is shown more clearly by describ- 
ing the boundary exchange reactions in terms of 
solid-state contact theory. 

Exchange reactions and metal-semiconductor con- 
tacts.—The spatial distribution of imperfections and 
energy relationships in the compound corresponding 
to each of the above interface electrochemical ex- 
change reactions are conveniently specified in terms 
of the band theory descriptions of semiconductor 
contacts. 

Consider the initial state of semiconductor MX 
separated from the metal M by a short distance 5 as 
shown in Fig. 4A. If the solids are now connected by 
an electronic conductor, the electrons will flow be- 
tween the two materials until the electronic free 
energies are equal. As a result of charge transfer the 
surfaces of M and MX will become electrified. An 
electrostatic potential difference exists in the vac- 
uum between a point just outside the metal surface 
and just outside the MX surface. This potential dif- 
ference, neglecting surface states (7), is equal to the 
difference in thermionic work function for the two 
materials. 

As the two surfaces are brought closer together 
more charge is induced on the surfaces. Just prior 
to contact the interface between the two materials 
is viewed as a dipole layer not unlike the Gouy-Chap- 
man double layer. The charge on the metal resides on 
the surface because of the high density of electronic 
energy states (8). Because of the low density of 
allowed electronic energy states in the compound, 


[M] Vocuum [MX] 
wee 


Fig. 4. The formation of contacts at M-MX and MX-elec- 
trolyte interfaces. 
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COMPOUND - MX 
-M P-TYPE SEMICONDUCTOR 


CONDUCTION BAND 


LATTICE VACANCY ENERGY LEVEL 
FERMI LEVEL 


Fig. 5. Energy levels at the metal-compound interface for 
exchange reaction [2]. Open circle with a line through the 
center, vacant cation site; dash, vacancy-hole pair; open 
circle, free hole; V., electrostatic potential of top of valence 
band at the interface relative to the Fermi level for elec- 
trons; E,, height of Fermi level above the valence band. 


the charge here is distributed in depth between the 
surface and the bulk of MX. 

Now, when contact is made between M and MX, 
atom and ion exchange can occur, for example, Eq. 
[2]. At the moment of contact the electronic charge 
carriers in M are equilibrated with the electrons in 
MX. However, as ionic exchange occurs across the 
interface the free energy of electrons in the one ma- 
terial will change relative to the other. As a re- 
sult of this series of reiterative processes the metal 
ion in the metal and compound approaches an equi- 
librium state. 

In Eq. [2] the exchange reaction between M and 
MX is with respect to metal ions and vacancies in 
the compound. Thus, after physical contact is made 
between M and MX, cation vacancies can exchange 
across the interface according to Eq. [2]. As cation 
vacancies flow either in or out of semiconductor MX, 
the density of electron trapping states in the surface 
region will change. This change will shift the Fermi 
level up or down with respect to the valence band 
edge E,, because the Fermi level depends on the 
density of hole-vacancy pairs in the compound, (see 
Fig. 5) (9). 

At equilibrium the chemical potentials for elec- 
trons and metal ions are necessarily constant across 
the boundary. For a given temperature the Fermi 
level will have a unique value for each particular 
combination of M and defect structure compound 
MX. The downward curvature of the MX energy 
bands as shown in Fig. 5 implies the existence of a 
negative space charge at the M-MX interface with 
MX a p-type semiconductor. 

The potential energy vs. distance as seen by the 
metal ion is of the general form shown in Fig. 6. The 
highest energy barrier, E,, to vacancy migration be- 
tween M and MX is a measure of the overpotential 
for the interface exchange current. If no energy bar- 
rier exists for metal ion (or vacancy) motion across 
the interface, then a space charge could not be main- 
tained in the semiconductor near the M-MX inter- 
face because a distribution of charge can be main- 
tained only by the application of external fields. 

The electronic energy relationship according to 
band theory will be as shown in Fig. 7 if E,, = E, = 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


October 1961 


| 


et 


METAL-M COMPOUND MX 


4 
x 


Fig. 6. Generalized energy vs. distance curve for a metal 
ion near the M-MX interface. The line A-A represents the 
Gibbs free energy of the metal ion at equilibrium. The up- 
ward slope to the right represents the effect of space charge 
in MX. 
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Fig. 7. Relative position of electron energy levels at the 
contact if there is no barrier to vacancy motion across the 
interface. 


E, with no space charge in the semiconductor. This 
condition corresponds to a zero activation energy for 
the ion exchange across the M-MX interface. The 
model of Fig. 4 has a finite energy barrier to vacancy 
exchange. This electrode has therefore a finite acti- 
vation energy associated with exchange reaction [2]. 

For the alternate exchange current description at 
the M-MX interface, Eq. [3] the exchange process is 
dominated by the motion of neutral hole-vacancy 
pairs. The transport of the hole-vacancy pair across 
the boundary into the metal releases a hole to the 
valence band of the oxide, removes a vacancy 
which had functioned as a hole trap, and releases 
an electron into the conduction band of the metal. 
Thus the hole space charge in the valence band of 
MX at the M-MX interface produces the energy 
barrier shown in Fig. 8 opposing the migration of 
positive metal ions into the semiconductor. If cation 
vacancies could be generated in the bulk of semi- 
conductor MX, the resultant sites could capture the 
free holes and thereby reduce the space charge 
barrier. 

Now consider the isolated interface of compound 
MX in contact with the electrolyte X,. The physical 
situation corresponding to Eq. [8] and [9] is illus- 
trated in Fig. 9A and B, respectively. Exchange re- 
action [8] can be considered to produce a less p-type 
or an n-type surface region by the transfer of a 
metal ion M’ to a surface adsorbed state where com- 
bination with an anion X, occurs leaving a nega- 
tively charged vacancy in the interior region of MX. 
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Fig. 8. Energy levels at the metal-compound interface for 
exchange reaction [3]. 
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Fig. 9. Energy levels of compound-MX at the compound- 
electrolyte interface. 


Alternatively the exchange could involve an anion 
X° sorption on the MX surface displacing equilib- 
rium [9] so that the surface density of holes in the 
valence band increases at the M-MX interface as 
shown in 9B. The charge distribution shown in Fig. 
9A can be thought of as excess cations on the surface, 
but Fig. 9B shows a sorption of excess anion. If cat- 
ion and anion surface concentrations were equal, a 
flat band potential would be obtained. 

If the two interfaces M-MX and MX-X’, are now 
placed back to back, the imperfection concentrations 
at the MX-X >, boundary will equilibrate with im- 
perfections generated at the other boundary. Thus, 
at equilibrium, the imperfections concentration in 
MX is related to the exchange processes at both 
boundaries. The system cannot be described without 
a detailed description of both exchange processes. 
The measured potential is the algebraic sum of 
the potential drops through the interfaces M-MX, 
MX-AX, AX to reference X as noted in Fig. 4D. The 
potential distribution at one boundary is influenced 
by the exchange reaction at the opposing boundary. 
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Boundary exchange reactions and transport prop- 
erties—The mechanism of mass and electricity 
transport in the compound MX is controlled by the 
particular combination of exchange reactions that 
occur at the phase boundaries. The strong influence 
of the terminal conditions on electron and mass ex- 
change at phase boundaries on the transport prop- 
erties through the intervening phase has been em- 
phasized by Hebb (10) and by Wagner (11). The 
following discussion is an extension of their ideas 
(utilizing the concept of an electrochemical ex- 
change current) to compounds undergoing growth or 
decomposition. 

When the half-cell reaction, Eq. [1], is driven to 
the right by applying a potential, growth of com- 
pound MX occurs. The applied potential is dropped 
across the M-MX boundary, the bulk MX (an iR 
voltage drop) and the MX-electrolyte boundary. 
The potential drops across the interfaces cause un- 
balance of the exchange currents. These terminal 
conditions can be illustrated by considering the vari- 
ous combinations of exchange currents possible for 
the p-type semiconductor containing lattice vacan- 
cies. 

For reaction [3] at the M-MX boundary the inter- 
face functions as a generator of holes and a sink for 
hole-vacancy pairs. For reaction [9] at the MX- 
electrolyte boundary the electrolyte-compound in- 
terface is a hole sink and a hole-vacancy pair gener- 
ator. For the combination of [3] and [9] all of the 
electricity is transported by holes while the mass is 
transported by hole-vacancy pair diffusion from the 
electrolyte side to the metal side of MX. The com- 
pound transports charge as an electronic conductor. 
In contrast, since Eq. [2] provides a vacancy sink at 
the M-MX boundary, the combination of [2] with 
[8] provides a sink at the metal side for vacancies 
generated at the electrolyte side. Here both mass and 
electricity transport depend on vacancy motion. The 
compound now transports electricity as an ionic con- 
ductor. 

The combination of reaction [3] with [8] leads to 
a hole source and a hole-vacancy sink at the metal 
side with a cation vacancy source at the electrolyte 
side. The kinetics of this case differs from the former 
case because the sink for imperfections is provided 
by recombination in MX. The holes injected at the 
metal side and the vacancies injected at the electro- 
lyte side migrate toward one another carrying elec- 
tricity through the compound. Ultimately they re- 
combine near the electrolyte side to form hole va- 
cancy pairs which diffuse back to replenish pairs re- 
moved at the metal side. Electrically the compound 
behaves as a mixed conductor in which charge trans- 
port is partially by vacancies and the remainder by 
holes. 

The combination of [2] with [9] also involves 
mixed conduction except here the holes extracted at 
the electrolyte side and cation vacancies extracted at 
the metal side are replenished by the dissociation of 
hole-vacancy pairs created at the electrolyte side. 

Methods for determining the exchange reactions. 
—tThe determination of the relevant combination of 
exchange currents for a particular electrode gener- 
ally is not a simple process. The solid phases involve 
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a complex of mixed electronic and ionic conduction 
processes. For the particular electrode the terminal 
conditions for charge transport at the interfaces can 
and do impose stringent limitations on the possible 
reaction kinetics. The mechanism of mass and elec- 
tricity transport in the isolated electrode does not 
necessarily reflect the properties expected from 
characterization of the isolated compound. Profound 
changes in transport properties can be imposed by 
the exchange currents existing at the boundary (10). 


Some insight into the exchange reactions at the 
solid phase boundary M-MX is provided by con- 
sidering the effect of changes in the terminal condi- 
tions on the charge transport through MX. If the 
compound MX is an ionic conductor for the terminal 
condition M-MX-M, then Eq. [2] is the relevant ex- 
change reaction at the metal for either polarity. 
However, if MX is an electronic conductor, the ex- 
change reaction may be given by Eq. [2] or [3]. Al- 
ternatively, if with the contacts Pt-MX-M the difficult 
direction of electronic current flow is for M positive 
(see Fig. 5); then the dominant exchange reaction is 
Eq. [2]. If the difficult direction of electronic current 
flow is for M negative (see Fig. 8); then exchange 
reaction [3] dominates. The electronic measure- 
ments should be made under conditions such that the 
imperfection distributions created during the elec- 
trochemical formation of MX on M are not altered. 

The exchange reactions at the electrolyte side are 
determined by other methods. The complexity of the 
generalized surface electrical double-layer region 
makes difficult simple descriptions analogous to that 
for the metal-compound interface, particularly since 
detailed atomistic mechanisms are involved. 

Several intuitive descriptions relating to the de- 
termination of the electrolyte boundary exchange 
currents are suggested by the equations. The quan- 
tity (M’/D".) (X.) of Eq. [6] is directly related to 
the solubility product for MX. The symbol (M’*/D’,) 
represents an M’ ion existing as a surface ion on the 
MX lattice. The surface density of these ions will de- 
pend on the exchange rate with the electrolyte; thus 
the solubility of MX in the electrolyte is relevant to 
the distribution of defect structure in the Helmholtz 
double-layer region. 


If the compound MX is only an ionic conductor, 
the exchange reaction corresponds to [8]. For a solu- 
ble compound MX a high rate of (M‘) exchange be- 
tween the metal surface ion sites and the electrolyte 
would be expected. This, in turn, would contribute 
to a high probability for vacancy injection into the 
compound MX. For an insoluble compound MX 
which is an ionic conductor the entity (M‘/D’,) 
could be interpreted as a metal ion on a surface site 
with a zero jump probability into the electrolyte. 
The electrolyte-MX exchange current for the X~ 
ions would, in effect, control the vacancy injection. 
On the other hand, if the compound MX is both an 
electronic conductor and not significantly soluble in 
the electrolyte, then [9] is the exchange reaction. 

From a study of the variation in the space-charge 
distribution at the MX surface in contact with the 
electrolyte still further insight should be provided. 
Consider the boundary condition [8], the generation 
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of vacant cation sites, 0’., in the oxide corresponds 
to the accumulation of a negative surface space 
charge associated with vacancies. The characteriza- 
tion of the behavior of this space charge with 
changes in the potential distribution at the boundary 
is dependent on the exchange current as well as the 
electric field intensity and polarity. For Eq. [8] the 
surface should at least be less p-type than the bulk 
phase as illustrated in Fig. 9A. 

For Eq. [9] there exists an accumulation of holes 
in the surface region generated by the transition of 
metal from an interior site to the surface where it 
can react with X. Here a positive space charge 
would be generated within the surface region of 
compound MX as illustrated in Fig. 9B. 

To maintain electrical neutrality at the com- 
pound-electrolyte interface a corresponding space 
charge of opposite sign must exist within the adja- 
cent electrolyte volume. Thus, if the sign of the dif- 
fuse double-layer charge adjacent to the surface is 
established, inferences may be drawn about the 
character of the space charge distribution within the 
crystals. Studies of the electrokinetic characteristics 
of the system M-MX and MX interacting with an 
electrolyte involving XX, ions provides a source of 
data descriptive of the real system with its complex 
of variables. This includes the study of the zeta po- 
tential dependence on electrolyte composition for 
the system MX and M-MX.. The sign of the zeta po- 
tential for a compound MX in contact with electro- 
lyte is the same as the sign of the space charge in the 
inner Helmholtz layer. 

The electrokinetic studies of ionic crystals as re- 
viewed by Bolan (12) provide data relevant to sur- 
face ion exchange properties of crystals in contact 
with different composition electrolytes. The varia- 
tion of the zeta potential of BaSO, with Ba” ion or 
SO, ion concentration independent of the corre- 
sponding anion or cation may very well be directly 
related to the surface defect equilibria with the bulk 
crystals. The dependence of the BaSO, zeta potential 
on past crystallite history emphasizes the role de- 
fects play in such systems. 


Discussion 

Several mechanisms involving lattice imperfec- 
tions have been outlined by which electrochemical 
film growth may proceed when the compound sepa- 
rates the metal substrate from the electrolyte. The 
detailed mechanism is controlled by the particular 
set of exchange reactions at the M-MX and the MX- 
electrolyte interfaces. If cation vacancies and holes 
are the relevant imperfections, there are four possi- 
ble sets of exchange reactions. Each set and the dis- 
tribution of the overpotential across each interface 
determines a particular electrochemical mechanism. 

In terms of these concepts the electrochemical 
properties are explicitly associated with the substrate 
crystalline structure as well as that of the intermedi- 
ate phase, MX. The electrode potential for this sys- 
tem is dependent on the properties of the composite 
system (taking into account lattice imperfections), 
rather than being simply related to the differences in 
the free energies of the isolated compounds and elec- 
trolyte. Differences in the electrode potential for 
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nominally identical materials may be interpreted as 
being caused by differences in types and concentra- 
tions of imperfections (13). 

This theoretical study arose from attempts to ex- 
plain the existence of a maximum in the rate of cad- 
mium oxidation as a function of applied potential. 
The characteristic of passivation if the oxidation is 
forced by too high an anodic potential was difficult 
to reconcile with the observation that cadmium elec- 
trodes show relatively stable constant-current an- 
odic overpotentials. This is particularly evident in 
the battery electrodes which are characterized by 
large effective exchange currents and small polariza- 
tion overpotentials. 

This dilemma was clarified by the concept of 
boundary exchange currents determining the defect 
concentration in the intermediate phase separating 
the metal from the electrolyte. Thus, depending on 
the distribution of the overpotential between the 
two boundaries and in the bulk phase, MX, a vari- 
able density of mass and charge carriers can be in- 
troduced into the system. Thus the ion diffusion rate 
in the Cd(OH), as well as the electronic conductivity 
will be controlled by the particular exchange cur- 
rents dominating the two interfaces and by the in- 
fluence of the applied potential on these exchange 
currents. In general the change in the number of 
charge and mass carriers caused by dropping a frac- 
tion, a, of the overpotential, 4, across the interfaces 
is of the form exp +(aed¢/kT). The remaining po- 
tential (1—a)ed is the driving force for charge 
carrier motion through the intermediate phase. Since 
the rate of growth of the compound is proportional 
to the density of charge and mass carriers and also 
to the driving force, the rate, i, must be related to the 
overpotential by an expression of the form 


ia (1 — exp +(ae 6/kT) 


where e is the electronic charge, k the Boltzmann 
constant, and T the temperature. For the negative 
exponent this function gives curves of the form re- 
ported for Cd to Cd(OH), and Ag.O to Ag (2). 

It is worth noting here the contribution of Grim- 
ley to the description of these complex systems (14). 
This study describes in detail the equilibrium prop- 
erties of an electrolyte in contact with an ionic crys- 
tal containing lattice defects in thermal equilibrium. 
As a result of exchange reactions with the electrolyte 
a space charge of vacant sites can be generated near 
and in the surface region of the solid in contact 
with the electrolyte. The electrical double layer at 
the surface involves defects within the body of the 
crystal as well as the adsorption of ions on the sur- 
face. Grimley, in particular, notes that with a space 
charge of vacant sites the ion diffusion coefficient can 
depend on the position. A high density of vacancies 
would contribute to an increased ion diffusivity. As 
the crystallite size approaches the dimensions of the 
space charge region, below 10“ cm, the rate of ion 
exchange between solid and electrolyte should in- 
crease because of the higher density of imperfections 
and the enhanced ion mobility. 

For the more general case described here, at least 
two distinct electrochemical exchange reactions can 
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contribute to the formation of two distinct space 
charge regions. As the compound grows from a thin 
film to a thick layer an initially overlapping space 
charge distribution, i.e, M-MX and MX-electrolyte, 
becomes separated as the film thickness increases. 
At some film thickness the properties should be con- 
trolled by the mass and charge transport through the 
intermediate region (2). At this stage, the character- 
istic electrochemical properties possibly may be di- 
rectly related to the properties of the bulk phase 
prepared by electrochemical methods. Since the de- 
tails of the mass and charge transport mechanism 
differ for different combinations of exchange cur- 
rent the electrochemical as well as other physical 
properties for thick films may provide data required 
to define the boundary exchange currents. 

This theory can be generalized to apply to less. 
crystalline or even amorphous materials. The con- 
cept is retained of exchange currents at the electri- 
fied M-MX and MX-electrolyte boundaries. The 
concept of the Helmholtz double layer is expanded to 
include the imperfections just inside the solid as il- 
lustrated in Fig. 3. The double layer is not a simple 
ideal surface with a layer of adsorbed ions. Further- 
more, the surface defect structure which is propa- 
gated into the compound can be controlled by ex- 
change reactions involving anionic as well as cat- 
ionic defects. 


The concept of structural defects can still be used 
to describe mass transport through the solid. In 
covalently bonded amorphous materials the simple 
lattice vacancy description must be altered to take 
into account the local site symmetry imposed on 
the motion of an atom from a covalent bonded proper 
site into a neighboring lattice vacant site. In general 
the oxidic compounds encountered in battery sys- 
tems are covalently bonded and cannot be approx- 
imated as simple ionic or metallic systems; however, 
the concepts developed above for compound MX 
with slight modifications can be applied to amor- 
phous materials. 

Considering this complex model for the electro- 
chemical processes involving simply an intermediate 
solid phase, between the reacting solid and the 
electrolyte, the existence of an extensive art for 
solid phase electrodes particularly in the battery 
field is not at all surprising. On the other hand, the 
relevant mechanisms must now be deduced for each 
electrode from a complex of observations. A simple 
model would not be expected to have a very broad 
range of physical reality. Clearly, only the initial 
steps have been taken toward a comprehensive de- 
scription. 
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ABSTRACT 


Electrochemical characteristics of various organic hydrazine and hydroxyl- 
amine derivatives are presented. Their use as anode materials in galvanic cells 
is considered. The anode potential of these compounds is dependent on the type 
and position of substituent groups in the molecule as well as the pH of the elec- 
trolyte. The effect of the first two factors on the anode potential is interpreted 
in terms of the electron density distribution in the molecule. 


The ability of hydrazine to act as a powerful re- 
ducing agent has long been recognized as one of its 
outstanding chemical properties. Oxidation of 
hydrazine is readily effected in either acidic or 
alkaline solutions although the reactions are often 
involved. The normal oxidation product is nitrogen, 
but some ammonia or hydrazoic acid may appear 
(1). 

The potentials for the following half-cell re- 
actions involving hydrazine or the hydrazonium 
ions have been calculated and are shown below (2). 


N.H,” + 2H.O = 2NH,OH’ + + 2e E° = —1.42v 
{1] 

N.H, + = 2NH,OH + 2e E°,=—0.73v [2] 
N.H. = N,+5H'+4e E°=0.23v [3] 

N.H, + =N.+4H,O+4e E°,=1.16v [4] 


The potential for the oxidation of hydrazine to 
hydroxylamine is very high and since no evidence 
has been presented to demonstrate that hydroxyl- 
amine is an oxidation product of hydrazine, reac- 
tions [3] and [4] appear the most plausible. 

Similarly many of the organic derivatives of 
hydrazine are reported to be powerful reducing 
agents. In this paper, the electrochemical charac- 


teristics of various organic hydrazine compounds 
and related hydroxylamine derivatives are pre- 
sented. Their use as anode materials in galvanic 
cells is also considered. 


Experimental 

A previously described technique (3) has been 
modified slightly (4) to measure the operating 
potential during current flow of the various organic 
hydrazine compounds. The technique consists in 
discharging a 0.5 g sample of the organic hydrazine 
derivative mixed with 0.05 g of Shawinigan acety- 
lene black in a large volume of electrolyte at a 
constant current drain of 0.005 amp/g. The change 
in anode potential with time was measured with 
an L&N type K potentiometer using a saturated 
calomel reference electrode. Measured potentials 
were corrected for the IR drop associated with the 
apparatus and electrolyte by means of an oscillo- 
graphic technique (5). 

All half-cell potential data reported are referred 
to the normal hydrogen electrode and include a 
liquid junction potential. For the most of the meas- 
urements an aqueous 1.44M NaOH solution (dox.- = 
1)* was used as the electrolyte, and a manganese 
dioxide bobbin wrapped in cheese cloth served as 


1 Calculated from the data given by Latimer (6). 
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Fig. 1. Half-cell potential discharge curves of hydrazine 
and various N-substituted hydrazine derivatives discharged 
at a rate of 0.005 amp/g in 1.44M NaOH. 


the cathode. In the study of the effect of pH on 
potential a manganese dioxide cathode was em- 
ployed with the acidic NH,Cl—ZnCl.—H.O and the 
weakly basic MgBr.—H.O [saturated with Mg 
(OH).] electrolytes. 


Experimental Data and Discussion of Results 

Hydrazine and N-substituted hydrazine deriva- 
tives as reducing agents.—Figure 1 shows half-cell 
potential discharge curves of hydrazine and various 
N-substituted hydrazine derivatives obtained by 
discharging these compounds at a rate of 0.005 
amp/g’* in 1.44M NaOH solution. In this electrolyte 
hydrazine operates at a potential of +0.35 v, a 
value considerably below that of its calculated 
reversible potential (Eq. [4]). 

As one might expect from its close resemblance 
to hydrazine, methylhydrazine is a strong reducing 
agent and has an anode potential close to that of 
the parent compound. Phenylhydrazine, an N-sub- 
stituted aryl derivative of hydrazine, is a stronger 
reducing agent than either hydrazine or methyl- 
hydrazine and operates at a potential 0.1 v more 
anodic than these compounds. 

In agreement with its high anode potential, 
methylhydrazine reduces Fehling’s solution. It is 
reported to produce nitrogen and the correspond- 
ing hydrocarbon when oxidized, probably through 
the intermediate formation of a derivative of di- 
imide (7) 


RNH—NH,~ RN = Niv RH+N, [5] 


Similarly, when phenylhydrazine is oxidized in a 
neutral solution with cupric sulfate (which is re- 
duced to metallic copper) benzene and nitrogen are 
formed, probably via the diimide. 

Figure 1 also shows discharge curves for sym- 
metrical (RHN—NHR) and unsymmetrical (RRN— 
NH.) alkyl and aryl disubstituted hydrazine com- 
pounds. Like the monoalkyl and monoaryl hydra- 
zine derivatives, the unsymmetrical disubstituted 
hydrazines contain an —NH, group. However, as 
evidenced by the discharge curves of 1,1-dimethyl- 
hydrazine and 1,1-diphenylhydrazine hydrochloride, 
they operate at potentials 0.1-0.2 v less anodic than 
the monosubstituted hydrazine compounds. 

The lower anode potentials of the unsymmetrical 
disubstituted hydrazines as compared to the mono- 


2 Liquid compounds were discharged at a rate of 0.005 amp/ml. 
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alkylhydrazines are manifested in the fact that 
monoalkyl hydrazines reduce cold Fehling’s solu- 
tion and dialkylhydrazines when the solution is 
warmed (8). 

This behavior is in agreement with the general 
observation that whenever any two atoms of the 
groups C, O, and N are joined and each holds a 
hydrogen atom, oxidation readily occurs. Thus, the 
alcohols, the hydroxylamines, and the hydrazines 
of type A below are not as readily oxidized as 
compounds of the type B (9). 


Type A Type B 

R.CHOH, RCH,OH 
RNHOH, NH.OH 
RNHNH., NH.NH, 


R,COH 
R.NOH 
R.N—NH, 


Generally, the oxidation of 1,1-disubstituted 
hydrazines leads to the formation of the corre- 
sponding tetrazenes. For example N,N-dialkyl- 
hydrazines are oxidized to symmetrical tetrazenes 
by mercuric oxide. 


2(C.H,). N-NH, + 2 HgO (C.H,),N-N 
= N-N(C.H;). + 2 Hg + 2H.0O [6] 


In contrast, the symmetrical N,N’-disubstituted 
hydrazines, RNH-NHR, which have one available 
hydrogen on each of the nitrogen atoms, usually 
are converted to the azo compound by oxidation. 
Thus, 1,2-diphenylhydrazine in alcoholic alkali solu- 
tion may be oxidized to azobenzene by air (10). 


C,.H,NH-NHC,H, + C.H,N = NC.H, + [7] 


Discharge curves of a,a’-hydrazodi-iso-butyronitrile 
and 1,2-diphenylhydrazine indicate that these com- 
pounds are considerably weaker reducing agents 
than the substituted hydrazine compounds which 
contain an —NH, group. 

Half-cell potential discharge curves of various 
para substituted phenylhydrazine compounds dis- 
charged at a rate of 0.005 amp/g in 1.44M NaOH 
solution are shown in Fig. 2. These data illustrate 
the effect of para substituted groups on the anode 
potential of phenylhydrazine. It is seen that the 
introduction into the molecule of an electron re- 
pelling group such as —CH, raises the potential and 
that the addition of an electron attracting —Br or 


D-~TOLYLMYORAZINE HYDROCHLORIDE 
HCL 


PHENYL HYDRAZINE 


7s) 


| NH- NH, 
P-BROMOPHENYL HYORAZINE’ 030+ 
HYDROCHLORIDE bs 


ANODE POTENTIA E(VOLTS) 
‘ 
ANODE POTENTIAL VS. N. HE 


“010+ 
| PHENYL HYDRAZINE HYOROCHLORIOE 

4 


010+ 


/ 
D-HYORAZINOBENZENESULFONIC 
acio 


10 


20+ 


CAPACITY ( AMPERE - MINUTES) 


Fig. 2. Effect of substituted groups on the anode poten- 
tial of phenyl hydrazine discharged at a rate of 0.005 amp/g 
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phenylhydrazine compound. However, the effect on 
potential, which ranges from 0.01 to 0.05 v for these 
substituents, is small. 

Essentially, the influence of the electron repel- 
ling —CH, group is to increase the electron density 
in the vicinity of the oxidizable hydrazine group 
which decreases its affinity for electrons and renders 
it a stronger reducing agent. Conversely, the elec- 
tron attracting —Br and —SO,H groups decrease 
the electron density near the oxidizable hydrazine 
group and increase its affinity for electrons, which 
results in a compound that has a lower anode po- 
tential. This same effect has been noted previously 
for aromatic hydroxy and amino compounds (4). 

The higher potential of phenylhydrazine as com- 
pared to phenylhydrazine hydrochloride is believed 
due to the lower pH in the vicinity of the phenyl- 
hydrazine hydrochloride electrode as a consequence 
of the acidic HCl group. The effect of pH on poten- 
tial is described in another section of this paper. 

The half-cell potential discharge curves of phen- 
ylhydrazine hydrochloride and various heterocyclic 
hydrazine compounds shown in Fig. 3 illustrate the 
effect of aromaticity on the anode potential. It is 
seen that the substituted hydrazine compounds 
having the strongly aromatic quinoline and benzo- 
thiazole rings operate at lower anode potentials 
than phenylhydrazine hydrochloride. This effect is 
attributed to the lower electron density in the 
vicinity of the oxidizable hydrazine group for the 
more strongly aromatic hydrazinoquinoline and 
hydrazinobenzothiazole compounds. Low electron 
density, a consequence of the resonance and induc- 
tive effects in these compounds, increases the affin- 
ity of the hydrazine group for electrons and renders 
it a weaker reducing agent. Similarly the higher 
anode potential of 3-hydrazinoquinoline dihydro- 
chloride as compared to 2-hydrazinoquinoline is 
attributed to the higher electron density in the 3- 
position of quinoline than in the 2-position.* 

* The unequal electron density distribution in quinoline is also 


a consequence of the resonance and inductive effects operating in 
this compound. 
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organic hydrazine derivatives discharged at a rate of 0.005 
amp/g in 1.44M NaOH. 
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Thus the effect of added groups and aromaticity 
on the anode potential of aromatic hydrazine com- 
pounds can be explained readily in terms of the ¥ 
electron density distribution in the molecules. These 
results are in agreement with previous results ob- 
tained from other organic oxidizing and reducing ' 
agents (4, 11-14). 
Acyl derivatives of hydrazine as reducing agents. 
—Like the monosubstituted hydrazines, acyl de- 
rivatives of the hydrazines (RCONHNH.) are re- 
ducing agents in that they reduce Fehling’s solu- 
tion and can be oxidized quantitatively by potas- 
sium iodate in acidic solution. The oxidation has 
the characteristic four electron change per hydra- 
zine group (15). 
Figures 4 and 5 show half-cell potential discharge 
curves of various acyl derivatives of hydrazine ob- 
tained by discharging these compounds at a rate of 
0.005 amp/g in 1.44M NaOH electrolyte. From the 
curves it may be seen that the acid hydrazides 
operate at lower anode potentials than the mono- 
substituted hydrazines. The effect of substituted 
groups and their position in the molecule on the 
anode potential of benzhydrazide is demonstrated 
by the discharge curves of the three nitrobenzhy- 
drazide isomers shown in Fig. 4. In agreement with 
the fact that the —NO, group is electron attracting 
and decreases the electron density to the greatest 
extent in the ortho and para positions, benzhydra- 
zide operates at more anodic potentials than the 
nitrobenzhydrazide compounds, while m-nitro- 
benzhydrazide has a higher anode potential than 
its ortho and para isomers. 
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Fig. 4. Half-cell potential discharge curves of various acyl 
derivatives of hydrazine discharged at a rate of 0.005 amp/g 
in 1.44M NaOH. 
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Figure 5 shows that both the oxalyl and adipic 
dihydrazides have anode potentials close to that of 
benzhydrazide, and that they are considerably 
stronger reducing agents than maleic acid hydra- 
zide, which can be considered as a cyclic diacyl 
derivative of hydrazine. As with the other substi- 
tuted hydrazine compounds, the symmetrically di- 
substituted maleic acid hydrazide compound oper- 
ates at considerably lower potentials than the hy- 
drazide compounds which contain an —NH, group. 
This type of behavior is further illustrated by the 
lower operating potential of hydrazodicarbonamide 
as compared to semicarbazidehydrochloride. 

Semicarbazide, a hydrazine derivative of urea, 
behaves in a manner similar to the acid hydrazides 
and hydrazines in that it reacts quantitatively with 
oxidizing agents. In its reaction with iodine, one 
molecule of semicarbazide reacts with four atoms 
of iodine by this probable equation (16) 


H.N-NHCONH, + 21, + N, 
+ CO, + NHI + 3HI [8] 


The lower potential of semicarbazide as compared 
to phenylhydrazine is in agreement with the ob- 
servations that semicarbazide is more stable in air 
and less rapidly attacked by iodine than is phenyl- 
hydrazine. 

Hydroxylamine derivatives as reducing agents.— 
Half-cell potential discharge curves of hydroxyl- 
amine and some of its organic derivatives obtained 
by discharging these compounds at a rate of 0.005 
amp/g in 1.44 M NaOH are shown in Fig. 6. It is 
seen that under these conditions of discharge hy- 
droxylamine hydrochloride operates at a potential 
of +0.30 to +0.35 v, a potential considerably lower 
than the theoretical value (1) shown below. 


NH,OH’ = 4N, + E°=1.87v [9] 

2NH.OH + 20H =N,+4H,O+2e E°, = 3.04v 
[10] 

E° = 0.05v 
[11] 


2NH,CH’ = N.O + 6H’ + H,O + 4e 


2NH.OH + 4 = N.O + 5H,O + 
E°, = 1.05 v [12] 


The alkyl or aryl derivatives of hydroxylamine 
occur as O-derivatives (a) or N-derivatives (). 
The N-alkyl derivatives are more powerful reduc- 
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Fig. 6. Half-cell potential discharge curves of hydroxyla- 
mine and various organic hydroxylamine derivatives dis- 
charged at a rate of 0.005 amp/g in 1.44M NaOH. 
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ing agents than the O-alkyl derivatives as evi- 
denced by the fact that $-methylhydroxylamine 
(CH,NHOH) reduces Fehling’s solution while a- 
methylhydroxylamine (NH,OCH,) does not (17). 
This type of behavior is in agreement with the ob- 
served discharge curves of N-hydroxybenzene- 
sulfonamide and methoxyamine hydrochloride. 

Also shown in Fig. 6 are discharge curves for 
various oximes of the general formula RR’C = 
NOH. In these organic derivatives of hydroxylamine 
the two hydrogen atoms are replaced by a divalent 
radical. The discharge curves of these three typical 
oxime compounds indicate that they are consider- 
ably weaker reducing agents than the parent hy- 
droxylamine compound. The stronger reducing 
activity of NH.OH as compared to RR’C = NOH 
and NH.OR compounds is in agreement with the 
previously stated observation that whenever any 
two atoms of the groups C, O, and N are joined, and 
each holds a hydrogen atom, oxidation occurs 
readily. 

Effect of pH on the anode potential of hydrazine 
and hydroxylamine.—From Eq. [1-4] and [9-12] 
it is seen that hydrogen ions are involved in the 
oxidation of hydrazine and hydroxylamine. Thus 
the electrode potentials of these compounds should 
be pH dependent. Accordingly, the half-cell poten- 
tial discharge curves of hydrazine sulfate and hy- 
droxylamine sulfate presented in Fig. 7 show that 
the ease of oxidation and the anode potential gen- 
erally increase with increasing pH. 

It is also seen that little or no capacity is obtained 
from hydrazine sulfate in the MgBr.(pH = 8-9) 
and NH,Cl-ZnCl.(pH = 4.5) electrolytes, while it; 
operates at an efficiency of 33% in the strongly 
basic NaOH(pH = 14) solution. This may be due 
to the fact that, although hydrazine is capable of 
undergoing self-oxidation and reduction in both 
alkaline and acid solution according to the follow- 
ing over-all equation 


3N.H, > N, + 4NH, [13] 


this reaction does not occur extensively in alkaline 
medium but does in acid solution (18). Similarly, 
hydroxylamine is unstable with respect to decom- 
position into ammonium ion and nitrous oxide (2). 


4NH,OH’ = + 2NH,' + 3H,O + 2H* [14] 
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However, the reaction is favored by alkali, as the 
equation indicates. 

Although poor electrode efficiencies have been 
obtained from hydrazine sulfate and hydroxylamine 
sulfate under the aforementioned conditions of dis- 
charge, Lingane and Jones (19) have oxidized hy- 
drazine quantitatively to nitrogen in neutral or 
acid medium at a platinum anode using controlled 
potential methods. Similarly, hydroxylamine di- 
hydrochloride in 1M NaCl was oxidized at a plati- 
num anode with a current efficiency of 100%, 82% 
of which was oxidized to nitrous oxide, 17% to 
nitrate ion, and 1% to nitrous acid. 

Hydroxylamine and its organic derivatives as 
oxidizing agents.—According to Latimer (2) the 


potential for the hydroxylamine-ammonium ion 
couple is 
NH,OH’ + 2H’ + 2e = NH, + E° = 1.35v 


[15] 
This value would indicate that hydroxylamine is 
a powerful oxidizing agent, but actually its rate of 
reduction is slow with many powerful reducing 
agents. 

Figure 8 shows half-cell potential discharge 
curves of hydroxylamine sulfate, N-hydroxyben- 
zenesulfonamide, and various organic oxime com- 
pounds obtained by discharging these compounds 
as cathodes at a rate of 0.005 amp/g in 250 g/l 
MgBr. - 6H.O electrolyte. Although hydroxylamine 
sulfate and N-hydroxybenzenesulfonamide provide 
very little capacity as cathodes, they do operate at 
higher cathode potentials than the organic oximes. 

Typical oxime compounds such as benzaldoxime, 
acetone oxime, and 2,4- pentanedionedioxime are 
found to operate at cathode potentials which are 
too low to be measured by the present technique. 
The higher cathode potentials of the 1-pheny]-1,2- 
propenedione-2-oxime and 1,2,3-cyclohexenetrione- 
trioxime compounds shown in Fig. 8 are attributed 
to the electron attracting C = O and C = NOH 
groups adjacent to the oxime group. The effect of 
these groups is to decrease the electron density in 
the vicinity of the reducible oxime group, thus in- 
creasing its affinity for electrons and rendering the 
compound a stronger oxidizing agent. 

Coulombic capacities of hydrazine and hydroxryl- 
amine derivatives.—Table I presents theoretical 
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Table |. Theoretical capacities and electrode efficiencies of various 
hydrazine and hydroxylamine derivatives 


Anode material Capacity, amp-min/g 
Theo- Effi 


Electron reti- 


Experi- ciency, 
change cal 


mental* % 


49.2 44.3 90.0 


Zinc 2 
Magnesium (AZ10 Alloy) 2 132.0 53-86 40-65 
Hydrazine 4 201.0 — — 
Methylhydrazine 4 140.0 
Phenylhydrazine + 59.3 _— — 
Hydrazine sulfate 4 49.5 16.4 33.1 
Phenyl! hydrazine hydro- 

chloride 4 44.4 6.3 14.2 
p-hydrazinobenzenesul- 

fonic acid 4 34.1 4.0 11.7 
p-tolylhydrazine hydro- 

chloride 4 40.3 10.1 25.1 
p-bromopheny] hydrazine 

hydrochloride 4 28.8 13.2 45.8 
2-hydrazinobenzothiazole 4 41.3 13.5 32.7 
3-hydrazinoquinoline di- 

hydrochloride 4 27.7 8.5 30.7 
2-hydrazinoquinoline 4 40.1 18.3 45.6 
Benzhydrazide + 47.2 10.5 22.2 
p-nitrobenzhydrazide 4 35.5 2.5 7.0 
o-nitrobenzhydrazide + 35.5 9.1 25.6 
m-nitrobenzhydrazide 4 35.5 5.8 16.3 
Oxalyl dihydrazide 8 109.0 27.5 25.2 
Adipic dihydrazide 8 73.8 27.2 36.9 
Semicarbazide hydrochlo- 

ride 4 57.6 10.1 17.5 
Hydrazodicarbonamide 2 27.2 26.7 98.2 
Hydroxylamine sulfate 2 19.6 3.0 15.3 
Hydroxylamine hydro- 

chloride 2 46.2 3.2 6.9 
N-hydroxybenzenesul- 

fonamide 2 18.6 0.7 3.8 


* Experimental capacity based on a 0.2 v drop in potential as 
end potential. 


capacities and electrode efficiencies of various hy- 
drazine and hydroxylamine derivatives calculated 
from the half-cell discharge data in Fig. 1-7. The 
experimental capacities were measured on the basis 
of a 0.2 v drop in potential from initial as the end 
potential, whereas the theoretical capacities were 
com uted by means of Faraday’s law using the 
eleciron change shown in the table. Also included 
in Table I are comparable data for conventional 
zinc and magnesium anodes when discharged in 
NH,Cl-ZnCl, and MgBr, electrolytes, respectively. 
It is seen that the electrode efficiencies of the 
monoaryl hydrazine compounds range from 12- 
46% as compared to a value of 33% for hydrazine 
sulfate in the 1.44M NaOH solution. In general 
higher efficiencies are found with the bicyclic hy- 
drazinoquinoline and hydrazinobenzothiazole com- 
pounds which operate at lower anode potentials 
and are probably more insoluble than the phenyl- 
hydrazine derivatives. Such behavior suggests that 
some decomposition of the hydrazine compounds 
takes place by air oxidation in the alkali solution, a 
result consistent with previous experiments on the 
stability of hydrazine in alkali solution (20). Like 
the hydrazine derivatives, the organic hydrazides, 
with the exception of p-nitrobenzhydrazide, oper- 
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ate at efficiencies of 16-37% assuming a 4 electron 
change per hydrazino group. Of the compounds 
tested, the best electrode efficiency was found for 
hydrazodicarbonamide, which is oxidized quantita- 
tively with a 2 electron change to azodicarbon- 
amide. 

The organic hydrazine derivatives do not com- 
pare favorably with inorganic materials on the 
basis of theoretical and experimental coulombic 
capacities. In addition, the anode potentials of the 
more strongly reducing organic hydrazine deriva- 
tives range from +0.25 to +0.45 v, values consider- 
ably lower than the anode potentials of 1.3 v for 
magnesium in aqueous magnesium bromide solu- 
tion, and 0.7 and 1.3 v for zinc in acidic and strongly 
alkaline solutions, respectively. Liquid hydrazine 
itself is a more attractive anode material than any 
of its organic derivatives on the basis of its theo- 
retically high capacity (201 amp-min/g) and oper- 
ating potential of +0.35 v in alkali electrolyte. 
However, for hydrazine to compete with other 
liquid, gaseous, or solid primary cell anodes, higher 
efficiencies than those attained from the solid hy- 
drazine compounds tested must be realized. 

For the three compounds tested, the hydroxyl- 
amine derivatives had electrode efficiencies ranging 
from 4-15%, values considerably lower than those 
of the hydrazine derivatives. On this basis, together 
with their low theoretical capacities, the hydroxyl- 
amine derivatives do not show promise for use as 
anode materials in primary cells. 
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Cathodic Behavior of Iron Single Crystals and the Oxides 
FeO, Gamma-Fe O,, and Alpha-Fe O. 


C. D. Stockbridge,’ P. B. Sewell,” and M. Cohen 


National Research Council, Ottawa, Canada 


ABSTRACT 


The cathodic behavior of iron, Fe,O,, y-Fe.O,, and a-Fe,O, have been investi- 
gated in the borate/HCl buffer solution of pH = 7.6. The hydrogen overpoten- 
tial on iron is found to vary on surfaces of different crystallographic orientation 
and with changes in the surface microstructure. The immersion potentials and 
cathodic reduction behavior with regard to reduction potential and current 
efficiency of the three oxides are sufficiently different to allow unambiguous 
distinction to be made between the oxides. Of the two cubic oxides, Fe,O, is re- 
duced with an apparent current efficiency of less than 17%, whereas the ap- 
parent current efficiency for y-Fe.O, is greater than 60% at a reduction poten- 
tial some 300 mv more positive than that for Fe,O,. Air exposure of Fe,O, 
causes the transformation of up to 25A of the surface layer to 7-Fe.O,. This 
technique of cathodic reduction is suitable for both qualitative and quantita- 
tive measurements of thin oxide films on iron. 


Previous study (1) has established that a-Fe,O, 
is reduced quantitatively at high current efficiency 
(95-105% ) when present as a film on iron cathodes 
in the borate/HCl buffer solution of pH 25°C = 
7.65. The experimental work described in this 
paper arose out of a desire to extend the utility of 
cathodic reduction for characterizing and measur- 
ing the quantities of oxide(s) formed on iron at 
low temperatures when only thin layers are pres- 
ent. Having developed a method of electropolishing 
to prepare chemically clean, “atomically smooth” 
iron surfaces (2), which in the case of single crys- 
tals are covered with a thin layer of oriented cubic 
oxide less than 25A thick, we were particularly 
anxious to characterize and measure this oxide by 
its cathodic behavior. 

Throughout the experimental work on the cath- 
odie reduction of very thin oxide films on electro- 
polished iron highly reproducible potential/time 
curves of two types were obtained. The iron sur- 
face had either (i) a relatively positive potential 
on immersion into the solution and was covered 
with a protective film which did not disappear un- 
less reduced by an impressed cathodic current or 
(ii) the surface had a more negative immersion 
potential, being covered with a nonprotective film 
which was reduced with or without impressed cur- 
rent. At first these curves had little obvious con- 
nection with the iron found in solution on ceasing 
cathodic treatment and bore less than expected 
similarity to those found by Allen (3) for thin 
cuprous oxide films or by Hoar and Stockbridge 
(4) for thin cuprous sulfide films. Furthermore, 
single crystal iron surfaces gave an unexpected 
type of reduction curve with a potential/time mini- 
mum, which was sensitive in magnitude and shape 
to the substrate orientation. These results indi- 
cated that a more complete potential/current study 
of iron and iron oxide surfaces was obligatory to 
further understanding of the constant current 
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Table |. Materials used in cathodic studies of iron and its oxides 


Specimen Treatment 


“Ferrovac E” sheet Reduced in flowing H./H.O for 
1 week at 1250°C. 

Iron single crystals Strain annealed from “Ferrovac 

(112), (117), (115) E,” from Dept. of Mines and 
Technical Surveys, Ottawa. 

Iron single crystals Strain annealed from “Super 

(011), (001), (112) Hiperm.” 

Fe,O, crystal Natural crystal used as received 
from Bell Telephone Labora- 
tories. 

As received from Dr. Epelboin, 
Dept. of Physics, Sorbonne, 
Paris. 


+-Fe.O;, powder 


potential/time reduction curves of the thin oxide 
films on iron. This work is described below. 


Experimental 

Table I lists all the materials used. All the iron 
specimens were electropolished by the method re- 
ported fully elsewhere (2). Immediately after 
polishing the surfaces were generously washed 
with a jet of methy! alcohol distilled off CaO, dried 
by tapping with lens tissue to prevent evaporation 
chilling, and mounted in the stainless steel clamp 
shown in Fig. la. When mounted and air exposed 
the edges and lead-in wires or tails of all speci- 
mens were masked from contact with solution by a 
covering of paraffin wax applied with an artist’s 
brush. The cathodic behavior of waxed specimens 
was the same as for nonwaxed specimens. This sug- 
gests that the bare surfaces were not contaminated 
by the wax and that edge effects do not play an im- 
portant role in reduction experiments. However, 
surface areas of waxed specimens are more ac- 
curately defined and hence apparent current density 
values more reliable. 

The waxed specimen and clamp were then put in 
the cell (Fig. 1) and deoxygenated nitrogen passed 
for 1 hr with T,, T., and T, open. The cell having 
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Fig. 1. Cathodic reduction cell 


been purged of oxygen, T, and T, were closed, T, 
opened, and approximately 13 ml of deoxygenated 
borate/HCl1 buffer (1) admitted via F to cover the 
specimen and other electrodes in the cell. After 
measuring the zero applied current potential (im- 
mersion potential), current from a 90-v dry bat- 
tery was passed between the specimen as cathode 
and two flat symmetrically placed silver/silver 
chloride anodes via a large external resistance and 
a calibrated microammeter. All cathode/solution 
potentials were measured against an internal silver/ 
silver chloride wire which extended the length of 
the specimen about 3 mm away. Potentials were 
measured using a Keithley d-c indicating amplifier 
of input resistance > 10” ohms, connected to a 
Brush Recorder Mark II. All quoted potentials are 
on the hydrogen scale. 

After cathodic treatment of generally 1000 sec, 
the solution in the cell was dumped via T, into a 
50 ml volumetric flask which contained 1 ml iron- 
free concentrated HCl. The cell was flushed once 
with fresh buffer solution, current being applied 
continuously. 

Iron content of dumped buffer solutions was 
measured colorimetrically using the thioglycollic 
acid complex (5). With 5 cm path length cells the 
calibration curve indicated a sensitivity of 0.2 yg 
iron per 50 ml solution. Reagent grade chemicals 
specially selected for the absence of iron, and water 
of less than 10° mhos were used. No iron was de- 
tected when the buffer solution was passed through 
the cell, provided it had been adequately rinsed 
with 10N HCl and conductivity water. 


Results 

Iron.—The polarization curves of Fig. 2 were ob- 

tained from electropolished iron specimens, which 

had been examined by reflection electron diffrac- 

tion after polishing. Surfaces were shown to be 
chemically clean and extremely smooth but cov- 

ered with a thin film of oriented cubic oxide (2, 6). 

The surface oxide was removed by cathodic reduc- 

= tion by passing a current of 15 ya/cm’ in fresh 
buffer solutions for two periods of about 1000 sec. 
For each recorded value of E, (hydrogen scale), 
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Fig. 2. Cathodic polarization of electropolished iron samples 
following cathodic reduction of the surface oxide. 
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Fig. 3. Corrosion of iron during cathodic polarization experi- 
ments. 


current was passed for 1000 sec anc the solution 
then analyzed for iron. When these analyses are 
plotted as a rate of solution of iron against log ap- 
plied current density (Fig. 3) they show unambig- 
uous cathodic protection of the iron single crystal 
specimens. Polycrystalline iron is not completely 
protected at any of the applied current densities, 
presumably due to grain boundary effects. 

An important observation of these experiments is 
that the hydrogen overpotential on iron surfaces is 
markedly dependent on substrate orientation for 
the very smooth surfaces prepared by electropolish- 
ing. However, on any one crystal face, the over- 
potential varies widely for small changes in surface 
microstructure. If an electropolished (001) surface 
is oxidized at 200°C to develop about 100A oxide, 
and this oxide then is cathodically reduced, the 
overpotential on the resulting iron surface is about 
100 mv more positive than on the initial surface at 
the same apparent current density. From Fig. 2 it 
can be shown that a rise of 100 mv on the (001) 
surface could be attributed to a change in the true 
surface area by about 3 which would give an ef- 
fective current density of 5ya/cm*. However, an 
increase of surface roughness factor to 3 from about 
1.1 for electropolished iron (7) is not suggested by 
electron diffraction. Reflection diffraction patterns 
from the resulting (001) surface still exhibit 
marked refraction streaking indicating little change 
in surface microstructure (6). 
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Etching experiments on an electropolished (112) 
surface indicate that the change in overpotential may 
be associated with some factor other than a change 
in surface area or roughness. After etching for 30 
sec in 0.05% HNO, the overpotential on the (112) 
surface becomes about 80 mv more negative. It is 
known that HNO, develops micro facets of (001) 
on iron, and electron micrographs show that such 
facets develop after 30 sec in 0.05% HNO,. The 
more negative overpotential might thus be ex- 
plained, since the original (112) surface is now in 
fact composed entirely of (001) facets without any 
great increase in ,true surface area. In both the 
case of cathodic reduction and etching the change 
in overpotential would appear to be related to the 
development of facets of different orientation as 
well as a change in the number and nature of active 
sites on the surface. 

a-Fe.O,.—The polarization curve for a-Fe.O,, 
Fig. 4, was obtained using the outer layer of oxide 
formed on polycrystalline iron after heating at 
417°C in oxygen at 19 mm Hg. The weight gain of 
oxygen corresponded to the growth of 8000A oxide 
of which the outer 5300A is known to be a-Fe.O, 
(8). This oxide was probably cracked during cool- 
ing exposing small areas of Fe,O, and possibly iron, 
which would depress the true potential curve es- 
pecially during the last stages of reduction of 
a-Fe.O,. It has been shown previously (1) that the 
apparent reduction efficiency of a-Fe,O, prepared 
in the above manner is of the order of 95-105% 
over a wide range of current densities. 

An attempt to study the cathodic behavior of 
a-FeO, powder dispersed on a conducting rubber 
substrate was unsuccessful due to interference of 
breaks in the powder layer which exposed rubber 
and the supporting metal. 

Fe,O,.—The polarization curve for Fe,O, in Fig. 
4 was recorded using a natural “single crystal” of 
magnetite. Electron diffraction examination of the 
specimen indicated that it was not a well developed 
single crystal, but an aggregate of highly oriented 
small crystallites together with a considerable 
amount of randomly oriented material. The surface 
was rough on the atomic scale as the diffraction 
patterns were due entirely to transmission of elec- 
trons through projecting asperities. Prior to polari- 
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Fig. 4. Experimental polarization curves for cathodic re- 
actions on iron and iron oxides. 
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zation experiments the crystal was cathodically 
treated for two periods of 1000 sec in fresh buffer 
solution, as it has been found that surface layers 
of magnetite transform to y-Fe.O, with air exposure. 

From the iron found in solution during polariza- 
tion experiments, the apparent reduction efficiency 
of Fe,O, in this form is found to be very small. For 
current densities between 10 and 100 ya/cm’ it is 
less than 5%. R 

When present as a thin film grown on iron by 
dry oxidation, Fe,O, is reduced at higher current 
efficiencies. These experiments suggest that the ap- 
parent reduction efficiency depends on the thickness 
of the oxide and the amount of bare iron exposed by 
cracking or preferential reduction. Similar results 
have been obtained from oxides on both single crys- 
tal and polycrystalline specimens. Due to difficulty in 
reproducing oxide films of identical structure, the ap- 
parent reduction efficiency of thin Fe,O, films on 
iron varies from 8% to 17% when reduced at 15 
pa/em*. It had been demonstrated previously that 
the reduction efficiency of thicker Fe,O, films was 
lower than this (9). These apparent efficiencies are 
based on the amount of Fe** found in solution, but 
may be in error due to some complete reduction of 
magnetite to iron metal. 

y-Fe.0,.—A powder sample of y-Fe.O, was dis- 
persed on rubber on iron and rubber on platinum. 
While not giving unambiguous potential/current 
curves, the oxide underwent cathodic reduction at 
apparent current efficiencies in the range of 40- 
60%. The most significant factor was that the re- 
duction occurred from 100 to 300 mv more positive 
than the potentials associated with the reduction 
of any of the other oxides, whether as powders, 
films, or crystals. 

It will be shown in the next section that when 
magnetite is exposed to air its surface layer is con- 
verted into a material which behaves electrochemi- 
cally like y-Fe,O,. The polarization curve labelled 
y-Fe.O, in Fig. 4 was obtained from the reduction 
of this material formed on a magnetite crystal 
repeatedly exposed to air for 15 min. 

The reduction of y-Fe.O, at high current effi- 
ciency and at potentials much more positive than 
those associated with Fe,O, or a-Fe.O, has been 
confirmed from oxidation studies on iron single 
crystals (6). When an electropolished (116) iron 
surface is oxidized at 200°C, 20 mm O, for 2 hr, a 
highly oriented cubic oxide film some 120A thick 
is developed. The electron diffraction pattern from 
this material is that of a cubic oxide either Fe,O, 
or y-Fe.O,. On cathodic reduction, an outer layer 
some 70A thick is removed at about 60-80% cur- 
rent efficiency before the potential reaches a steady 
negative value about E, = —0.70 v. This negative 
plateau corresponds to the potential at which Fe,O, 
films on iron are reduced. Furthermore, the reduc- 
tion efficiency along this plateau is about 17%, and 
the electron diffraction pattern still shows highly 
oriented cubic oxide. Finally, after the inefficient 
removal of some 40A of Fe,O,, the potential rises 
to a steady value about 100 mv more positive than 
the Fe,O, plateau. At this new potential negligible 
iron is found in solution, and the electron diffrac- 
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Fig. 5. Cathodic reduction of air formed oxide films on the 
(112) surface of iron. A. 15-min exposure to nitrogen in re- 
duction cell; B, 2-min air exposure; C, 17-min air exposure; 
D, 90-min air exposure. 


tion pattern after exposure to air is that of the 
smooth iron crystal substrate covered with a thin 
film of air-formed oxide. 

There can be little doubt that the cubic oxide 
which is reduced at high current efficiency and at 
a high positive potential is y-Fe.O,. 


Effect of Air Exposure 

Iron.—An electropolished iron surface which has 
been treated cathodically to remove the thin oxide 
film formed during preparation reacts with oxygen 
to form a reducible cubic oxide with an immersion 
potential of up to 500 mv positive to the zero cur- 
rent potential after cathodic treatment. Figure 5 
shows the behavior of a surface parallel to the 
(112) crystal plane, as a result of air exposure for 
varying intervals. The initial reduction curve after 
electropolishing is similar to curve D and the 
steady potential reached at 15 ya/cm* is V,;. On 
removing applied current, the potential rises to V.. 
The electrolyte is now dumped and the specimen 
allowed to dry in the cell in a flow of purified nitro- 
gen. When fresh electrolyte is introduced and cur- 
rent at 15 »na/cm’ applied, the potential immediately 
falls, as for curve A, to the value V, characteristic 
of hydrogen discharge on this iron surface. How- 
ever, if the specimen is exposed to air after condition 
V, is reached, then the cathodic behavior is illus- 
trated by curves B, C, and D. These exhibit a more 
positive immersion potential V, and a negative 
minimum V, as the oxide is cathodically reduced. 
The time required to reach the steady hydrogen 
overvoltage and the immersion potential both in- 
crease with time of air exposure. Curves B, C, and 
D indicate clearly that the air-formed film on iron 
can be detected readily by this method. 

The cathodic behavior of iron single crystal sur- 
faces exposed to air varies with crystallographic 
orientation. Interpretation of these reduction curves 
is discussed fully elsewhere (6). 

a-Fe,O,.—In contrast to iron and magnetite, the 

- immersion potential of air-exposed a-Fe.O, and 
the zero current potential of cathodically treated 
a-Fe,O, are the same, Ex, = —0.46 v. This estab- 
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Table II. Effect of air exposure on immersion potential 
of magnetic crystal 


Length of Eu (immersion) 


zero current 


20 min (moist —0.23 
with MeOH) 

2 min —0.26 

0 min 


(20 min N.) 


lishes that no reaction involving a phase change 
occurs on air exposure and that the effect of physi- 
cally bound oxygen is small. 

Fe,O,.—Magnetite which has been exposed to air 
after cathodic reduction acquires a more positive 
immersion potential with continued exposure as 
shown in Table II. This change suggests that. the 
surface layer of Fe,O, has been transformed to 
y-Fe.O,. 

Both the extent and perfection, as regards cover- 
age, of the transformation of Fe,O, to y-Fe.O, ap- 
parently increase with time. Figure 6 shows the 
cathodic reduction curves obtained with different 
times of air exposure of a magnetite crystal. Iron 
analyses of solutions after cathodic reduction point 
to the formation of 5.3 ywg/cm* of y-Fe.O, (about 
100A) in 24-hr air exposure, and to 2.1 ug/cm’ of 
y-Fe.0, (about 40A) in 2-15 min. However the 
surface of the Fe,O, crystal was rough so that these 
figures indicate the maximum extent of transfor- 
mation which is probably less by a factor of 3 or 4. 

Table III lists results obtained by re-exposing to 
air the visible oxide formed on iron at 200°C which 
had been reduced cathodically long enough to re- 
move the outer layer of y-Fe.O,. These results on 
much smoother oxide surfaces suggest that the 
underlying Fe,O, reformed 14 + 8A y-Fe.O, in 20- 
hr air exposure and about 25A in 100 hr. With 
longer air exposure, up to 200 hr, the y-Fe.O, was 
sufficiently thick and compact (few microflaws) 
that at zero applied current the characteristically 
high immersion potential E, =0.0 v was observed 
and a low rate of solution 2.3 x 10* wg Fe/cm’/sec 
measured. 
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Fig. 6. Cathodic reduction of air-formed films on magnetite 
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Table II|. Formation of y-Fe.O, on magnetite on iron 


Air ex- 


posure 
after Eu Iron loss uwgFe/cm? 
reduc- (immer c.D. Eu Solution 
tion, hr sion) wa/em? (final) analysis Wt. loss 
2 208 —0.88  0.35+ 0.03 
20 30 —0.72 050+003 05+0.2 
20 —0.10 2.0 —0.58 080+002 09+0.2 
20 —0.22 0.66 —0.54 051+0.02 04+0.2 
96 —0.08 6.5 —0.65 082+0.03 0.7+0.2 
100 —0.08 0.34 —0.55 087+ 0.03 


When y-Fe.O, is formed on Fe,O, on iron as a 
cracked film, the system gives a well-defined cath- 
odic reduction curve as a result of autoreduction, 
Fig. 7. Two well-defined potential plateaus are ob- 
served which agree closely with the values for the 
cathodic reaction on Fe,O, and Fe,O, at low current 
densities on the polarization curves, Fig. 4. The 
over-all “auto reduction” reaction may be repre- 
sented by: 


Fe > Fe” + 2e [1] 


[2] 


If y-Fe,O, is reduced at 100% efficiency by this 
process, then 2/3 of the total iron in solution at 
the end of the wave BC will be from y-Fe.0O,. From 
the total iron in solution at D, and the measured 
rate of solution of Fe,O, on the plateau CD, the iron 
at point C is measured as 1.8 ug/cm’, corresponding 
to a y-Fe.O, film about 32A thick. However, if the 
autoreduction reaction is only 50% efficient, the 
thickness of y-Fe,O, is found to be 24A. The thick- 
ness of y-Fe,O, on air-exposed magnetite estimated 
in this manner agrees favorably with values found 
by reducing with impressed current. 

y-Fe.O,.—The behavior of y-Fe.O, on air exposure 
is at present unknown since it has not been possible 
to prepare thick compact layers of y-Fe.O, suitable 
for such experiments. It has been shown in Table 
II that thin films of y-Fe,O, on Fe,O, tend to acquire 
a more positive immersion potential with continued 
air exposure, but to what extent this is merely an 
approach to the immersion potential of stoichio- 
metric y-Fe,O, is unknown. Some experiments with 
y-Fe.O, powder as a compact and as a powder on 
rubber on platinum indicate that the immersion 
potential may be as positive as Ex, = + 0.5 v. 


Fe.O, + 3H,O + + 6 
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Fig. 7. Autoreduction of a thin air-formed film of -FeOs 
on FesO, on iron. 
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Table IV. Apparent reduction efficiencies of iron oxides 


Current 
App. reduction density 
Material efficiency, % Remarks 
a-Fe.O, 90 20 Oxide on polycrystal- 
95 10 line iron. Ref. (1). 
+-Fe.Os 62 10.5 Powder on conducting 
52 10.5 rubber on iron. 
63 15 Air-formed film on 
Fe,O,. 
Oxide on iron single 
crystals 
61 13.5 (001) 
80 15.5 (001) 
72 11.5 (011) 
98 16.5 (112) 
Fe,O, 1 15 Single crystal Fe,O, 
6 10 Single crystal Fe,O, 
1.5 20 Single crystal Fe,O, 
Thin film on iron sin- 
gle crystals 
8 18 (112) 
10 12 (011) 
17 15 (001) 
7 15 (001) 
Discussion 


Electron diffraction evidence suggests that much 
of the surface of electropolished iron is smooth on 
the atomic scale; however, the detailed microstruc- 
ture and the distribution and nature of surface de- 
fects cannot be determined. Further, the curved 
polarization curves in the low current density region 
do not permit calculation of Tafel line parameters, 
so that the rate-determining step in the hydrogen 
discharge reaction cannot be estimated. As a result 
it is not possible to correlate the observed varia- 
tion of hydrogen overpotential on the different 
single crystal faces with the crystallography of the 
surface in question. However, these results indicate 
that overpotential measurements on single crystal 
surfaces of known orientation and microstructure 
should lead to a more detailed understanding of the 
mechanism of hydrogen discharge on metals. 

Experimental results show that the hydrogen 
overpotential on iron may vary by about 0.2 v. The 
observed final potential in a reduction analysis 
after all oxide has been reduced will thus depend 
on the resulting microstructure of the surface and 
may be more positive or more negative than the 
reduction potential of Fe,O, as a thin film. 

The markedly different cathodic behavior of Fe,O, 
and y-Fe.O, enables these two materials to be dis- 
tinguished even when present as very thin films on 
iron. Reflection electron diffraction experiments do 
not permit this distinction when the materials are 
present in the finely crystalline state usually de- 
veloped at temperatures below about 200°C. Air- 
formed films have been identified previously by 
stripping followed by annealing to increase the 
particle size (10). This technique is not always 
practicable, and the film may be subject to change 
due to the treatment. The reduction potentials of 
Fe,O, and y-Fe.O, are not always unambiguous as 
they may occur as mixed potentials when the oxides 
are present in thin nonuniform films. The reduction 
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potential of y-Fe.O, may appear more negative 
when y-Fe.O, is present as a thin film on Fe,O, or 
iron. However, for Fe,O, the reduction potential 
may appear more positive or more negative, de- 
pending on the microstructure of the underlying 
partly exposed iron surface. When the oxides are 
not clearly defined by potentials then they may be 
identified by measurement of the apparent reduc- 
tion efficiencies. Table IV records the apparent 
reduction efficiencies of the oxides, for the current 
density range 10-20 ywa/cm* which has been found 
most satisfactory for reduction analysis. The wide 
scatter in the values for y-Fe.O, is due to the diffi- 
culty of selecting an end point for the y-Fe.O, re- 
duction when present as a thin film on Fe,O,. In all 
cases the figure represents a minimum value. 
Furthermore, it is considered by some authors that 
the oxides Fe,O, and y-Fe.O, are the end members 
of a continuous series of cubic solid solutions, so 
that compounds exhibiting intermediate electro- 
chemical behavior may be present in some experi- 
ments. The very high positive potentials may be 
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associated with an oxygen rich (cation deficient) 
y-Fe.O,. 
Manuscript received Jan. 18, 1961. 
Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JOURNAL. 
REFERENCES 
1. H. G. Oswin and M. Cohen, This Journal, 104, 9 
(1957). 

2. P. B. Sewell, C. D. Stockbridge, and M. Cohen, Can. 
J. Chem., 37, 1813 (1959). 

3. J. A. Allen, Trans. Faraday Soc., 48, 273 (1952). 

4. T. P. Hoar and C. D. Stockbridge, Electrochim. 
Acta., 3, 94 (1960). 

5. F. D. Snell and C. T. Snell, “Colorimetric Methods 
of Analysis,” Vol. 2, p. 319, D. Van Nostrand Co. 
Inc., New York. 

. P. B. Sewell, C. D. Stockbridge, and M. Cohen, This 
Journal, 108, 933 (1961). 
. H. H. Uhlig and T. L. O’Connor, J. Chem. Phys., 61, 
402 (1957). 
8. E. J. Caule, K. H. Buob, and M. Cohen, This Journal, 
108, 829 (1961). 
9. K. H. Buob, A. F. Beck, and M. Cohen, This Jour- 
nal, 105, 74 (1958). 
10. D. E. Davies and U. R. Evans, J. Chem. Soc., 1956, 
4373. 


An Electrometric and Electron Diffraction Study 
of Air-Formed Oxide Films on Iron 


P. B. Sewell,' C. D. Stockbridge,” and M. Cohen 


National Research Council, Ottawa, Canada 


ABSTRACT 


Oxide films formed at room temperature on iron single crystals and poly- 
crystals have been investigated by electron diffraction and electrochemical 
methods. The structure of the oxide is found to vary from an Fe,O, type ma- 
terial at the metal/oxide interface to a 7-Fe.O, type material at the oxide/gas 
interface. The detailed nature of this film varies with the crystallographic 
orientation of the iron substrate, the mode of formation, and the time of sub- 
sequent air exposure. In all cases examined the oxide forms as a highly 
oriented, compact array of microcrystals of lateral extension less than 30A. 
The mean thickness of the film lies within the range of 10-25A. 


The thickness of the thin oxide film which forms 
on iron as a result of oxygen exposure has been 
estimated by gravimetric (1, 2), optical (3, 4), and 
electrochemical (5) methods. It is generally found 
that the mean film thickness is of the order of 10- 
30A, depending on surface pretreatment, oxygen 
pressure, and time of exposure. 

Gravimetric experiments by Gulbransen (1) on 
hydrogen reduced polycrystalline iron indicate about 
15A of oxide following 6-min exposure to oxygen at 
15 cm pressure. Exposure of such specimens for sev- 
eral days (2) resulted in the development of some 
29A determined for a surface roughness factor of 
unity (p = 1). As recent measurements on the rough- 
ness factor for hydrogen reduced iron (6) give p = 
1.22, the mean thickness of the above films is slightly 
less than indicated. 

These gravimetric results compare favorably 
with the optical studies of Winterbottom (3) on 
bright annealed carbonyl iron. About 20A of oxide 

1N.R.C. Post-doctorate Research Fellow. 

2 Present address: Bell Telephone Laboratories, Whippany, N. J. 


was found after 1 hr air exposure, increasing to some 
25-40A after many days. More recent optical polar- 
ization experiments by Andreeva (4) indicate 10- 
19A of oxide on iron immediately after exposure 
to air at 40-45% humidity at 25°C. This film in- 
creased to 15-23A after 24 hr and remained con- 
stant for 30 days. 

Hancock and Mayne (5) used an electrometric 
method to estimate the film thickness on hydrogen- 
reduced iron after 48-hr air exposure and found 
about 26A assuming p = 1. Their somewhat higher 
value of 40A for pickled iron would suggest a some- 
what larger value for p on these samples. 

While the above methods of investigation provide 
valuable quantitative estimates of the mean oxide 
thickness they do not serve to identify the film. 
Further information regarding the composition of 
the oxide, its particle size, and epitaxial relationships 
between the oxide and the metal may best be ob- 
tained by the method of electron diffraction. Trans- 
mission and reflection electron diffraction studies 
on a wide variety of iron substrates have provided 
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much useful information concerning the nature of 
the oxide film. In general it has been established that 
the air-formed film is a cubic oxide similar to Fe,O, 
or y-Fe.O, (7). The particle size is about 15-30A 
so that the film gives rise to diffuse haloes on poly- 
crystalline specimens and diffuse spots when 
formed as a highly oriented film on single crystal 
substrates (8). A simple development of the stoi- 
chiometric structures of y-Fe,O, or Fe,O, does not 
appear to be favored. Haase (8) and Dankov and 
Shishakov (9) have reported that diffraction pat- 
terns from thin films formed at low oxygen pres- 
sures indicate that iron cations do not occupy sites 
expected in the normal structure for y-Fe.O, and 
Fe,O,. Dankov and Shishakov (9) suggest that the 
oxide structure varies from the metal/oxide interface 
to the oxide/gas interface from a pseudowiistite struc- 
ture containing 2 2/3 iron atoms for every 4 oxygen 
atoms, through to a structure closely resembling 
y-Fe.O,. Haase (8) has made observations on the 
oxidation of very smooth single crystal films by the 
reflection method and finds that the oxide formed 
at room temperature and 1 mm O, gives spot in- 
tensities in agreement with Fe,O, or y-Fe.O,. How- 
ever room temperature oxidation at 10° mm pres- 
sure produced an oxide with abnormal spot intensi- 
ties although the lattice parameter was measured as 
a = 8.40 + 0.01A in agreement with Fe,O,. A struc- 
ture was proposed which requires that no cations 
occupy the allowed tetrahedral positions of the 
spinel structure, thus resembling the pseudowiistite 
structure suggested by Dankov and Shishakov. An 
oxide of varying composition was not proposed by 
Haase for the air formed film at room temperatures 
although his results do not exclude such a possibil- 
ity. 

Due to the marked influence of the initial sur- 
face oxide film on the subsequent oxidation behavior 
of iron (10), an attempt has been made to charac- 
terize this film more fully by a combined electron 
diffraction and electrochemical investigation. In 
previous publications (11, 12), the technique of 
cathodic reduction in an oxygen-free solution has 
been described and the observed electrochemical 
characteristics of the oxides a-Fe,O,, y-Fe.O,, and 
Fe,O, reported. These results are now used in con- 
junction with electron diffraction information to 
analyze the highly reproducible cathodic behavior 
of single and polycrystalline iron oxidized at room 
temperature. 


Table |. Information on iron single crystals 
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By making electron diffraction observations on 
surfaces before and after cathodic reduction experi- 
ments, information has been obtained regarding the 
surface topography of the iron substrate and the 
nature of the oxide film. Furthermore, electron dif- 
fraction from smooth electropolished surfaces en- 
ables foreign contamination products to be detected 
readily. Throughout these experiments surfaces 
have been free from detectable traces of contam- 
inants from the electropolishing bath, rinsing sol- 
vents, and cathodic reduction solutions. 


Experimental 

Electron diffraction and cathodic reduction ex- 
periments have been carried out on fine grained 
ferrovac E sheet, coarse grained ferrovac E pre- 
pared by hydrogen annealing (13), and large strain- 
annealed single crystals. Information relating to the 
strain-annealed single crystals is listed in Table I. 
The large surface of the strip crystal is near parallel 
to the crystal plane specified, and the surface area of 
this plane available for cathodic reduction experi- 
ments is indicated. In all cases iron specimens were 
prepared initially using the electropolishing con- 
ditions described previously (13). 

Details of cathodic reduction in the oxygen-free 
HCl-borate buffer of pH 7.6 have been fully re- 
ported elsewhere (11, 12). Experiments performed 
in the cell described by Oswin and Cohen (11) and 
that described by Stockbridge et al. (12) gave the 
same results within the limits of experimental er- 
ror. For convenience, mean oxide film thicknesses 
have been calculated assuming p 1 for electro- 
polished iron rather than the value p = 1.12 recently 
reported (6). All potentials are referred to the 
standard hydrogen electrode. 


Electron Diffraction Results 

After electropolishing, iron surfaces may be de- 
scribed as “atomically smooth” as evidenced by 
marked refraction elongation effects observed in all 
iron patterns. On such surfaces the oxide film formed 
during electropolishing and subsequent air exposure 
is detected readily. A more complete discussion of 
refraction elongation effects was reported earlier 
(13). 

For electropolished fine grain polycrystalline iron 
the iron semirings appear as broad bands as seen in 
section (b) of the composite photograph, Fig. 1. 
When such a surface is etched, these bands sharpen 


Material Dimensions, mm 
211058-C . 112 Ferrovac E 35 x 6.5 x 1 5.0 
270559-B 112 Ferrovac E 33 x 7x 1 4.6 
270559-D 112 Ferrovac E 65x 1 6.6 
211058-E 117 Ferrovac E 38 x 6x1 4.6 
140759-A 011 Super Hiperm 51x 9x 0.5 9.2 
210859-A 001 Super Hiperm 50 x 9 x 0.5 9.0 

c Mn Si s Cr Ni Al 
Ferrovac E 0.007 0.0002 0.002 0.0015 0.0002 0.0009 0.0005 0.003 — 


Super Hiperm 0.005 0.05 0.05 0.012 


<0.06 — 0.012 0.15 
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(a) 


Fig. 1. Composite photograph showing reflection electron 
diffraction photographs from fine grained polycrystalline fer- 
rovac E iron sheet having rolling orientation (a) etched follow- 
ing electropolishing; (b) as electropolished. The strong iron 
lines are indexed. 


as seen in section (a) of Fig. 1 and are meas- 
ured as the characteristic pattern of a-Fe. The air- 
formed oxide on the etched sample appears as two 


(b) 


Fig. 2. Reflection electron diffraction patterns of electro- 
polished iron single crystal; (001) surface, [110] azimuth. 
Elongated iron reflections originate at points (x) on the layer 
lines 1 = 2 and 1 = 4. Diffuse spots arise from oriented oxide 
film. (a) 10 min after electropolishing; (b) a further 66-hr ex- 
posure in desiccator. 


diffuse haloes, the origin of which has been described 
previously (7) as being primarily due to the broaden- 
ing of the (113) and (440) reflections in a Fe,O,-like 
structure. On the electropolished surface only one 
halo is observed, that corresponding to the (440) 
oxide reflection. The absence of the inner halo may 
be due to internal reflection effects which can occur 
on such smooth surfaces or the result of absorption 
of this very low angle maxima within the film. The 
halo pattern suggests that the oxide is either amor- 
phous or composed of randomly oriented microcrys- 
tallites. However, the study of iron single crystals 
shows conclusively that the oxide is crystalline and 
exhibits a well-developed epitaxial relationsaip with 
the substrate metal. (Diffuse halo patterns from 
overgrowths on polycrystalline substrates should 
thus be interpreted with caution.) 

Electron diffraction patterns from coarse grained 
iron samples were similar to the above, but individ- 
ual spots could be resolved on the semirings due 
to iron. Refraction elongation of these spots toward 
the shadow edge of the photograph was clearly visi- 
ble. A diffuse halo from the oxide was again visible. 

Typical electron diffraction patterns from electro- 
polished iron single crystals are seen in Fig. 2 and 
from a cathodically reduced specimen in Fig. 3. The 
thin oxide film formed during electropolishing and 
subsequent air exposure is readily detected and ap- 
pears in all instances as a system of diffuse spots. 


(b) 


Fig. 3. Reflection electron diffraction pattern from electro- 
polished iron single crystal following cathodic reduction; (112) 
surface from [111] azimuth. Iron reflections originate at 
points (x). Diffuse spots arise from oriented oxide film. (a) 10- 
min air exposure; (b) a further 460-hr exposure in desiccator. 
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Table II. Observed oxide orientations on electropolished iron surfaces 


Iron Parallel 
surface oxide Parallel axes in contact planes 
plane plane iron oxide 
(001) (001) [010] [110] 
(112) (110) {111] {110} 
(011) (111) [111] [110]* 
[110] 
(117) As for the (001) 
* Pattern appears twinned in the (111) oxide plane. 
Table 11. Iron single crystal. (112) surface 
Variation of lattice parameter a of air-formed oxide* 

Plate No. Surface preparation a,A 
13 plates E.P., air exp., 5-15 min 8.26 + 0.03 
190559/1 E.P., exp. in E.D.C., 5 min 8.27 + 0.04 
190559/2 E.P., exp. in E.D.C., 30 min 8.26 + 0.03 
190559/3 E.P., exp. in E.D.C., 60 min 8.27 + 0.04 
190559/4 E.P., exp. in E.D.C., 120 min 8.32 + 0.04 
190559/5 E.P., exp. in E.D.C., 240 min 8.32 + 0.03 
200559/1 E.P., exp. in E.D.C., 22 hr 8.38 + 0.04 
5 plates E.P., and E.P. plus C.R., ex- 

posure to air from 17-48 

hr 8.39 + 0.04 
230659/2 E.P., 1% hr at 200°C, in 
230659/3 vacuum 10° mm Hg 8.38 + 0.03 
3 plates E.P. plus C.R., air exp., 10 


min 8.32 + 0.04 


E.P.—Electropolished 

C.R.—Cathodically reduced 

E.D.C.—Vacuum of electron 
diffraction camera 


* At room temperature, 25°C. 


This diffuse nature of the oxide spots is due to a 
combination of several effects, namely, (i) small 
particle size, (ii) mis-orientation, and (iii) refrac- 
tion effects. Contributions from each of these causes 
are difficult to separate, however the particle size 
can be shown to be less than about 30A.., 

Epitaxial growth of these small oxide crystallites 
is well developed on all surfaces studied; the ob- 
served relationships are listed in Table II. For the 
(112) and (001) surfaces the mean oxide lattice pa- 
rameter may be measured in terms of the iron sub- 
strate pattern by the method of “sideline” measure- 
ments (8). It is emphasized that the lattice param- 
eter a quoted for the oxide in Tables III and IV 
represents an average value determined from meas- 
urement between the centers of the diffuse oxide 


Table IV. Iron single crystal. (001) surface 
Lattice parameter a of air-formed oxide at 25°C 


Plate No. Surface preparation a,A 

210859/1 E.P., air exposure: 10 min 8.34 + 0.03 
210859/2 E.P., air exposure: 10 min 8.29 + 0.03 
240859/1 E.P., air exposure: 66 hr 8.36 + 0.08 
240859/2 E.P., air exposure: 66 hr 8.34 + 0.04 
270859/1 E.P., plus C.R., exp., 10 min 8.33 + 0.04 
270859/2 E.P., plus C.R., exp., 10 min 8.32 + 0.04 
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spots. Since it is believed that the oxide composition 
may vary from the metal/oxide interface to the 
oxide/gas interface, the oxide parameter quoted 
merely represents the average value for such a struc- 
ture. However, since all patterns have been meas- 
ured using the same technique, the variation in a 
does indicate a change in the nature of the oxide 
film. 

Results of measurements on several (112) sur- 
faces are recorded in Table III. From 13 experiments 
where diffraction patterns were recorded within 5 
min of electropolishing, the parameter observed is 
a = 8.26 + 0.03A. This value is low for either y-Fe,O, 
(8.32-8.34) or Fe,O, (8.39) and indicates that a cat- 
ion or anion deficient oxide, most probably the 
former, is developed during electropolishing. Expo- 
sure of this oxide in the vacuum of the electron dif- 
fraction camera results in a change of a from 8.26 to 
8.38A. Other experimental conditions which favor 
the reaching of equilibrium conditions within the 
film give rise to oxide parameters between the values 
for y-Fe.O, and Fe,O,. This is to be expected if the 
resultant film has a composite structure varying 
between these two extremes. Even after 400 hr air 
exposure following cathodic reduction the oxide film 
is thin enough to allow a pattern from the iron sub- 
strate to be observed (see Fig. 3b). 

The lattice parameters observed for the oxide film 
on the (001) iron surface are recorded in Table IV. 
For this surface an abnormally low value is not ob- 
served following electropolishing. In general the 
mean lattice parameter is between 8.32 and 8.39A 
suggesting a composite film of y-Fe.O, and Fe,O,. 
Once again the pattern from the iron substrate is 
easily observable, even after an air exposure of 66 
hr (Fig. 2b). 

Measurement of the oxide patterns on the (011) 
surface is complicated by the apparent twinning of 
the oxide in the (111) plane. The nonsymmetrical 
nature of the pattern from the (117) surface makes 
use of the sideline technique difficult. 

A point of particular interest regarding the diffuse 
oxide spots is that they are considerably displaced 
from their anticipated positions on the layer lines 
parallel to the shadow edge. This suggests that the 
oxide, although finely crystalline, forms a very 
smooth surface at the oxide/gas interface allowing 
refraction effects to occur. As there is no strong dif- 
fraction evidence of transmission diffraction from the 
oxide, the number of oxide particles projecting 
above the general level of the smooth surface must 
be very small. (A more detailed report on the anal- 
ysis of diffraction patterns from iron single crystals 
is in preparation.) 


Cathodic Reduction Results 

Cathodic reduction experiments on both poly- 
crystalline and single crystals are highly reproduci- 
ble, as regards both potentials and coulombs passed. 
It was also found possible to interrupt a reduction 
run by dumping the solution for analysis at various 
times and replacing with fresh solution, without ex- 
posing the sample to air. The total iron found in solu- 
tion after a continuous run is equal to the sum of the 
increments obtained in an interrupted run, within 
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Fig. 4. Cathodic reduction curves of electropolished poly- 
crystalline iron: 1, electropolished and 5-min air exposure; 2, 
electropolished and 5-sec etch in 0.05% WHNO;; 3, electro- 
polished and 15-min air exposure (no applied current); 4, 
electropolished and 120-hr air exposure (no applied current). 


the limits of the experimental error. It was thus 
possible to determine the apparent current efficiency 
over various segments of the cathodic reduction 
curve. In all cases current efficiency is calculated 
from the coulombs passed and the amount of Fe™ in 
solution, with the assumption that all Fe” in solution 
is produced by the reduction of Fe’ in the oxide. 
This point will be discussed more fully later. 

Polycrystalline iron.—A typical cathodic reduction 
curve for a freshly electropolished sample is shown 
by curve 1, Fig. 4. After observing the initial im- 
mersion potential E, and the behavior with no ap- 
plied current E,-E,’, a current of about 14 yva/cm* is 
passed. The potential rapidly becomes more negative, 
passing through an ill-defined inflection between E,. 
and E,, and a high apparent current efficiency of 
70-100% is measured from the iron found in solu- 
tion at E,. Between E, and E, the remaining oxide is 
reduced at a much lower efficiency (about 10% ) and 
finally on the plateau E,-E,, hydrogen discharge is 
the predominant reaction. 

Comparing the potentials and apparent reduction 
efficiencies with the results published for the iron 


Table V. Cathodic reduction of polycrystalline iron 


Apparent* 
Exposure c.d., Fe loss, thickness, 
time,min Ea,v Ep,v ug Fe/cm? A 
Coarse grained iron, electropolished and air exposed: 
15 14 —0.30 —0.72 0.20 6 
15 14 —0.07 —0.75 0.29 8.5 
15 14 —0.18 —0.66 0.36 10 


Coarse grained iron, E.P., etched 0.05% HNOs 30 sec: 


15 17 —0.18 —0.66 0.52 15 
15 17 —0.29 —0.69 0.47 13.5 
15 17 —0.34 —0.69 0.49 14 
Fine grained iron, electropolished air exposed: 
5 14 —0.14 —0.66 0.34 10 
1200 13 —0.02 —0.61 0.42 12 


* Thickness of oxides reduced to give Fe++ in solution. 
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oxides in this solution (12), the high immersion po- 


tential E, and the high reduction efficiency between 
E,’ and E, are characteristic of y-Fe.O,;. The low re- 
duction efficiency on the plateau between E,E, and 
the potential of —0.65 to —0.70 v would indicate that 
the oxide at the oxide/metal interface behaves like 
Fe,O,. 

Table V lists results obtained with several speci- 
mens and gives a reducible oxide thickness of 8 + 2A 
on electropolished iron exposed to air for 15 min, 
assuming that all the oxide is reduced to ferrous ion. 
When iron is etched in 0.05% HNO, following elec- 
tropolishing the reduction curve is modified slightly 
as shown in curve 2, Fig. 4. The final hydrogen over- 
potential is more positive as a result of a micro-etch 
structure on the iron (12), and the end point of the 
reduction of the oxide is not clearly defined. Since 
the rate of solution of iron has been measured at 
these constant potentials, the iron in solution due to 
the reduction of the oxide film can be estimated. 
About 13 + 1A is found after the specimen has been 
etched after electropolishing and air exposed some 
15 min. This 5-sec etch does not roughen the surface 
sufficiently to change the refraction effects on elec- 
tron diffraction. 

With prolonged air exposure following electro- 
polishing, changes in the nature of the oxide film 
can be observed by studying the behavior of speci- 
mens in the buffer solution with zero applied current. 
After some 15-min air exposure, when the immer- 
sion potential is about —0.2 v, the outer oxide film 
(presumably y-Fe,O,) undergoes autoreduction giv- 
ing a well-defined potential inflection as shown in 
curve 3, Fig. 4. Both the immersion potential and 
the plateau potential are well above the hydrogen 
potential for this solution and correspond to the po- 
tentials for the cathodic reduction of y-Fe.O,, the 
anodic reaction being iron dissolution. With over 
120 hr exposure, the immersion potential was, and 
remained above 0.0 v for over 50 min as shown in 
curve 4, Fig. 4. The oxide in this case did not auto- 
reduce, suggesting that a sufficiently pore-free but 
very thin layer of y-Fe.O, can protect iron from cor- 
rosion (>5.0 x 10° wg Fe/cm’*/sec) in this solution 
for some considerable period of time. 

Single crystals.—These cathodic reduction experi- 
ments are of particular interest since they provide 
information on both the cathodic behavior of oxide 
films on iron single crystals and the variation of hy- 
drogen overpotential with crystallographic orienta- 
tion (12). The cathodic reduction curves are highly 
reproducible for specimens of similar crystallo- 
graphic orientation having the same method of sur- 
face preparation, but vary considerably with (a) 
surface treatment and (b) crystallographic orienta- 
tion. For this reason it is convenient to discuss the 
results of these experiments individually. 

(112) Crystals—Cathodic reduction curves obtained 
following electropolishing from the three separate 
(112) type of single crystals listed in Table I are 
shown in Fig. 5. In general there is a high immersion 
potential E, at zero applied current followed by a 
rapid (but not instantaneous) potential drop E,-E, 
when current is passed. The apparent reduction effi- 
ciency is found to be high during this period and 
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Fig. 5. Cathodic reduction curves of electropolished sur- 
faces of 3 different iron crystals having (112) orientation. 


together with the high immersion potential suggests 
the presence of an outer layer which behaves like 
y-Fe.O,. The potential arrest at E, is characteristic of 
the slow reduction of Fe,O, and is followed by a slow 
drift more positive from E, to E, and then a steady 
potential E,-E, characteristic of the hydrogen over- 
potential on the smooth (112) surface. During the 
period E,-E, iron appears in solution at relatively 
low current efficiencies of about 10%, and on the 
plateau E,-E, the low rate of solution has been re- 
ported previously (12). 

Table VI lists the results of reduction experiments 
on (112) surfaces. After electropolishing followed by 
5-15 min air exposure an average of 0.58 + 0.15 xg 
Fe/cm’, due to the reduction of the oxide, is found 
in solution. This corresponds to a total thickness of 
17+ 4A as y-Fe.O, or Fe,O,. The shape of the po- 
tential time curve suggests that the film is not of 
uniform composition, but consists of an outer layer 
of y-Fe.O, overlying a trace of Fe,O,. The effect of air 
exposure on a cathodically reduced specimen is 


Table Vi. Cathodic reduction of (112) single crystal 


Apparent 
Fe loss, thick- 
ug Fe/cm* ness, A 


c.d., 
ga/em? 


Exposure 


time, min Eu,v Ep, v 


Electropolished and air exposed: 
5 14.0 —0.11 
5 12.5 —0.11 
5* 14.0 —0.13 
5 12.5 —0.14 
5 12.5 —0.15 
13.4 —0.13 
15* 12.0 —0.12 
15 14.5 —0.14 —0.56 0.70 
1320 (vac.) 14.0 —0.09 —0.58 0.78 


Electropolished, cathodically reduced then air exposed: 
17 12.5 —0.15 —0.55 0.46 
20 13.5 —0.10 —0.58 0.60 

Etched 30 sec 0.05% HNOs then air exposed: 

5 14.0 —0.10 —0.65 


—0.58 
—0.59 
—0.59 
—0.58 
—0.58 
—0.57 
—0.61 


0.50 
0.51 
0.60 
0.74 
0.43 
0.70 
0.50 


14.5 
14.5 
17.0 
21.0 
12.5 
20.0 
14.5 
20.0 
22.5 


13 
17 


0.40 11.5 


* See cathodic reduction curves, Fig. 5. 
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Fig. 6. Cathodic reduction curves of air-formed oxide films 
on the cathodically reduced surface of an electropolished (1 12) 
crystal. 


shown in Fig. 6. The cathodic reduction curve after 5 
min is very similar to that of an electropolished 
specimen, both having immersion potentials in the 
y-Fe.O, range. After a long period of exposure, dur- 
ing which the average lattice parameter approaches 
8.39A, there is an increase in the immersion poten- 
tial and an increase in the length of the Fe,O, pla- 
teau. This indicates that there is probably some 
thickening of the oxide. This is born out by the 
increase in the relative intensity of the oxide spots 
as compared to the iron spots shown in Fig. 3. Sam- 
ples which have been etched for 30 sec in 0.05% 
HNO, behave essentially the same as the cathodically 
reduced specimens. 

(001) Crystal.—The cathodic behavior of the (001) 
crystal surface shown in Fig. 7 is somewhat different 
from that for the (112) surface. A high immersion 
potential E, is observed, followed by a rapid change 
negative when the current is applied. After a slight 
arrest at E,, the potential becomes more negative 
to reach a point E, and then drift slowly more posi- 
tive to a steady value E,. By interrupting the se- 


— AIR EXPOSURE 5S MINUTES 


9600 


VOLTS (HYDROGEN SCALE ) 


20 
TIME - MINUTES 


10 


Fig. 7. Cathodic reduction curves of oxide on electropolished 
surface of (001) iron crystal. 
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Table Vil. Cathodic reduction of (001) and (011) single crystals 


Apparent 
thick- 
ness, A 


Exposure c.d., 
time, min Ea,v 


Fe loss, 


(001) crystal: E.P. and air exposed: 
14.5 —0.13 
14.2 —0.15 
13.5 —0.12 


—0.71 0.20 

—0.71 0.20 

—0.71 0.24 

14.5 —0.09 —0.65 0.23 

14.7 —0.04 —0.68 0.35 

(001) crystal: E.P., cathodically reduced and air exposed: 

10 14.2 —0.10 —0.71 0.15 

10 14.7 —0.10 —0.71 0.15 

20 14.5 —0.10 —0.68 0.25 
(011) crystal: E.P. and air exposed: 


14.4 —0.08 —0.71 0.45 


12.2 —0.06 —0.71 0.27 

14.7 +0.04 —0.70 0.33 

(011) crystal: E.P., cathodically reduced and air exposed: 
12.6 —0.18 —0.71 0.17 
4400** 12.6 —0.05 —0.71 0.22 


* See cathodic reduction curves Fig. 7. 
** See cathodic reduction curves Fig. 8. 


quence at points E,, E,, and E, and analyzing for 
iron, it is found that most of the iron (about 0.2 
ug/cm*) passes into solution between E, and E,. 
During the period E,-E, only some 0.02 »gm/cm’ is 
found and between E,-E, no further change is de- 
tected suggesting that iron is neither plating out 
from solution nor passing into solution. The small 
amount of iron found in solution corresponds to 0.2 
pug/cm* or a mean thickness of about 6A (see Table 
VII). 

The intensity of the oxide pattern in electron 

diffraction photographs suggests an oxide film simi- 
lar in thickness to that on the (112) surface. It seems 
likely that during the period E,-E,-E, an oxide is 
being reduced directly to iron (5), the mechanism 
probably being influenced by the epitaxial relation- 
ship between the iron substrate and the oxide. For 
such small amounts of iron, corresponding to 1 or 2 
layers in the (001) plane, it has not been possible 
to detect such direct reduction by electron diffrac- 
tion. Exposure to air for 160 hr causes some change 
in the cathodic reduction results as shown in curves 
1 and 2 of Fig. 7. As with the (112) crystal the im- 
mersion potential is increased. There is also a shift 
in the lower part of the curve, accompanied by a 
larger amount of Fe* in solution. This would indi- 
cate that there has been some thickening of the 
film, and this is also shown by the increased inten- 
sity of the oxide reflections in the electron diffraction 
pattern (Fig. 2b). 
(011) Crystal—The cathodic behavior of the (011) 
crystal for oxide films formed under three different 
conditions is shown in Fig. 8. The general form of 
the curves is similar to those for the (001) crystal, 
however E, is less negative and E, is more negative 
than with the (001) crystal. The length of the arrest 
potential for these curves indicates the relative 
amounts of Fe,O, like material developed in these 
oxides. The film formed following air exposure of a 
cathodically reduced surface contains more Fe,O, 
than the film formed during electropolishing al- 
though the mean thickness is about the same. 


AIR-FORMED OXIDE FILMS ON IRON 
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Fig. 8. Cathodic reduction curves of air formed oxide films 
on surface of (011) iron crystal. 


The small amounts of iron found in solution fol- 
lowing reduction experiments on the (011) surface 
are recorded in Table VII. Again there is the possi- 
bility that the last traces of oxide are reduced di- 
rectly to metal. 

(117) Crystal.—Reduction of the oxide developed on 
the (117) crystal during electropolishing is illus- 
trated by Fig. 9. The general behavior is similar to 
other crystals showing a slight arrest at about —0.68 
v. The final hydrogen overpotential is more positive 
than for the (001) and (011) surfaces. Results of re- 
duction experiments listed in Table VIII, indicate 
about 10A of reducible oxide following electropol- 
ishing. 

Oxidation at 200°C 

Evidence obtained from the cathodic reduction of 
oxide films formed on iron single crystals at 200°C, 
20 mm O, for 2 hr, has supported our interpretation 
of the reduction curves for thin films. For the (117) 
crystal gravimetric measurements indicate that such 
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Fig. 9. Cathodic reduction curve of oxide film on electro- 
polished surface of (117) iron crystal following 5-min air 
exposure. 
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Table Vill. Cathodic reduction of (117) single crystal 


Apparent 


Exposure c.d., Fe loss, thickness, 
time,min Ea,v Ep,v A 
E.P. and air exposed: 
5 14 —0.15 —0.68 0.30 8.5 
5 14 —0.15 —0.68 0.24 7 
15 15.8 —0.12 —0.66 0.49 14 
90 11.7 —0.06 —0.67 0.34 10 
E.P. etched 60 sec 0.05% HNOs, air exposed: 
30 12.0 —0.15 —0.66 0.37 10.5 


an oxide film is about 120A thick. The cathodic re- 
duction curve can be interrupted and current effi- 
ciencies for the various portions determined. Fur- 
thermore, electron diffraction examination of the 
oxide is possible at the various stages of reduction. 

A typical result for the (117) surface is shown in 
Fig. 10. At point A, following 200°C oxidation, the 
diffraction pattern consists of diffuse spots charac- 
teristic of the spinel structure Fe,O, or y-Fe.O,. Be- 
tween A and B the oxide is reduced with a current 
efficiency of about 80% indicating the removal of 
some 70A of y-Fe.O,. On plateau B-C iron passes 
into solution with a current efficiency of 10-20%, 
and the reduction of about 40A Fe,O, is indicated. 
This is confirmed by electron diffraction observations 
on the plateau B-C which show a somewhat sharper 
spot pattern of cubic oxide together with weak re- 
flections from the underlying iron. During the period 
CD a small amount of iron passes into solution as the 
last traces of Fe,O, are reduced. The diffraction pat- 
tern on the final plateau shows elongated spots from 
the smooth iron substrate and weak diffuse spots 
characteristic of the air formed film. 

The similarity of the reduction curves for very 
thin oxide films and those formed at 200°C is best il- 
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Fig. 10. Cathodic reduction curves of 120A oxide film on 
(117) iron crystal showing electron diffraction observations on 
surface at various stages of reduction. 
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Fig. 11. Comparison of cathodic reduction curves of oxide 
film on (112) surface of iron. 1, electropolished and 10-min 
air exposure; 2, electropolished, followed by oxidation at 
200°C for 2 hr in 20 mm oxygen. Total oxide thickness about 
80A. 


lustrated by the results on the (112) crystal, Fig. 11. 
Curve 1 represents the reduction of the oxide on a 
freshly electropolished (112) surface while curve 2 
is from the reduction of an oxide film some 80A 
thick formed by oxidation at 200°C. Both exhibit the 
same general character having (i) a period AB dur- 
ing which y-Fe.O, is efficiently reduced, (ii) a poten- 
tial plateau BC at which Fe,O, is inefficiently re- 
duced, and (iii) a rise CD to a steady potential for 
hydrogen evolution on base iron. The two phase na- 
ture of the thin oxide film is clearly established. 


Discussion 

Both electron diffraction observations and ca- 
thodic reduction experiments support the view that 
the composition of the air-formed oxide films on 
electropolished iron, lightly etched iron, and ca- 
thodically reduced iron vary from the metal/oxide 
interface to the oxide/gas interface. An immersion 
potential much more positive than the hydrogen 
equilibrium potential and the high current efficiency 
during the early part of the cathodic reduction indi- 
cate that the outer section of the oxide resembles 
y-Fe.O, on top of an inner section of Fe,O, like ma- 
terial. With an oxide film as thin as the air-formed 
film it seems unlikely that two discrete structures 
exist, but rather that the oxide has a varying cation 
concentration from the metal to the air interface. In 
all cases the oxide is cubic. 

The structure of the air-formed film is dependent 
on the underlying orientation of the iron, method of 
preparation, and exposure conditions and time. In 
the case of (112) crystals electropolished iron ex- 
posed for short times to air or a vacuum has an oxide 
with a low lattice parameter (8.26) which could 
correspond to the presence of a cation-deficient 
y-Fe.O,. This is probably due in part to the strongly 
oxidizing conditions of electropolishing. The lattice 
parameters of the oxide on the other orientations 
after electropolishing all lie between those of y-Fe.O, 
(8.32) and Fe,O, (8.39). Specimens of all orientations 
exposed to air after cathodic reduction to bare metal 
or light etching in very dilute HNO, have cubic 
oxides with the intermediate lattice parameter. On 
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long time exposure to air the intensity of the oxide 


spots relative to the iron spots increased, indicating 
some thickening of the oxide. In no cases were the 
iron spots completely obscured, indicating that the 
films at room temperature, even after long time ex- 
posure, were no more than 25A thick. 

On exposure to vacuum at room temperature all 
the oxides approach Fe,O, in composition. This proc- 
ess can be accelerated by heating at 200°C in vacuo. 
The outer layer of y-Fe.O, is probably reduced by 
migration of iron into its lattice. It would appear that 
one can have a cubic oxide with a cation concentra- 
tion varying from Fe,O, to cation deficient y-Fe.O,. 

There is a definite epitaxial relationship between 
the metal and the oxide. These are shown in Table II. 
The growth rates of the oxide on the various orienta- 
tions is probably partly dependent on different en- 
ergy barriers associated with the different epitaxy 
between the metal and the oxide. This may account 
for the low lattice parameter observed with the 
(112) but not the other orientations. The diffuseness 
of the oxide spots indicate that, although there is a 
high degree of preferred orientation, the particle size 
is of the order of 30A. The oxide also appears to have 
the same degree of flatness as the metal substrate. 

The electrochemical measurements confirm and 
amplify the above observations. As would be ex- 
pected from previous work (12) the oxide at the air 
interface is always y-Fe.O,. This is shown by the 
high immersion potential and the initial high cur- 
rent efficiency for cathodic reduction. This immer- 
sion potential is considerably higher than the equi- 
librium hydrogen potential for this de-aerated solu- 
tion and is probably related to the Fe.O, > Fe...) 
reaction. The exact immersion potential varies with 
initial preparation and time of exposure to air and 
is probably associated with the cation concentration 
(and hence activity) of the oxide and the perfection 
of the oxide. In all cases after initial cathodic re- 
duction the potential drops to the characteristic Fe,O, 
potential. The final potential for hydrogen evolution 
is dependent on the orientation of the substrate iron. 

Some indication of the characteristics of the oxide 
film can be obtained by a more detailed study of the 
cathodic reduction results. Most of the ferrous ion 
produced by cathodic reduction appears in the time 
required for the potential to reach the Fe,O, poten- 
tial. This would mean that the apparent thicknesses 
quoted in the tables is the thickness of a y-Fe,O, 
like oxide. At the magnetite potential there are three 
possible reactions: (a) some production of Fe**, (b) 
some reduction directly to iron, and (c) some hydro- 
gen evolution. The production of Fe** from magnetite 
in these very thin films appears to be very inefficient. 
The observed number is 10% and this may include 
small residual amounts of y-Fe.O,. Detailed exami- 
nation of the (001) and (011) surfaces showed that 
after the point E, (Fig. 7 and 8) practically no fur- 
ther Fe** was formed from the oxide. The continued 
change in potential probably corresponds to the di- 
rect reduction of Fe,O, to iron. The strength of the 
oxide diffraction patterns from the (001) crystal 
indicates that the films are considerably greater than 
the reducible 5A of oxide. Other work in the labora- 
tory gives an estimate of about 40% current effi- 
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Table IX. Total thickness of air-formed oxide films 


Air 
expo- 
sure, min 


y-FeOs, FesO., Total, 
A A A 


Orientation Preparation 


CoarseGrain E.P. 
Polycrystal 
112 E.P. 
112 E.P. + C.R. 
001 


011 
011 CR. 
011 C.R. 
117 


ciency for the reduction of thin films of Fe,O, to 
metal in this solution. Using this number one can ob- 
tain an estimate of total thickness of the air-formed 
film; this is shown for the various specimens in Table 
IX. These numbers are approximations and do not 
imply a discrete boundary between the y-Fe.O, and 
Fe,O,. As pointed out earlier by Haase the oxide next 
to the metal is probably slightly cation excess, and 
the indication from this work is that the oxide next 
to the air is cation deficient. 

The thicker films formed at higher temperatures 
show a more discrete plateau for the y-Fe.O, reduc- 
tion. The diffraction pattern after complete reduction 
also shows some rings due to reduction to iron of the 
somewhat thicker Fe,O,. 

The thickness of oxide formed on polycrystalline 
iron is approximately the same as that reported by 
Hancock and Mayne (5). However, they assumed in- 
correctly that all of the film was y-Fe.O,. Stripping 
the film for identification, as was done by Davies and 
Evans (14), would give an erroneous result because 
exposure of the underlying thin magnetite layer to 
air would oxidize it to y-Fe.O,. 


Manuscript received Jan. 18, 1961. Preliminary re- 
sults cf this Oa ieee 1960 were presented at the Colum- 
bus Meeting, Oct. 18-22, 1959. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JoURNAL. 
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The Formation of Porous Oxides on Metals 


Il. Tungsten and the Paralinear Rate Law 


W. B. Jepson' and D. W. Aylmore* 
Department of Chemistry, University of Exeter, England 


ABSTRACT 


The accepted mechanism of paralinear oxidation that an inner, compact 


layer of oxide forms at a parabolic rate and transforms to an outer, porous 
layer at a linear rate has been tested in the case of tungsten. Samples were 
oxidized at 750° and 800°C for increasing times, and the amount of porous 
oxide present on each sample was estimated by the method of krypton sorption. 
The rate of porous oxide formation is not constant, but instead decreases with 
time to reach an almost constant value so that the results are not in accord 
with the paralinear model. A similar conclusion is reached by metallographic 
examination of the partially oxidized samples. Results for the oxidation at 
600°C are used to illustrate the difficulty of testing the paralinear rate equa- 


The kinetics of the oxidation of tungsten have 
been investigated by a number of workers (1-7). 
At low temperatures (below about 500°C) the 
metal oxidizes at a parabolic rate while at high 
temperatures (700°-1000°C), the oxidation is para- 
linear,’ the rate decreasing with time to reach a 
constant value, that of the linear rate. 

Webb, Norton, and Wagner (3) have explained 
the paralinear oxidation of tungsten in terms of a 
model similar to that used by Loriers (9, 10) to 
interpret the oxidation of cerium and of uranium. 
It was supposed that a metastable modification of 
one of the intermediate oxide phases of tungsten 
was formed at a parabolic rate as a continuous 
oxide layer (adherent to the metal) and this in 
turn oxidized at a linear rate to tungstic oxide, in a 
form porous to gaseous oxygen. 

In a previous paper (11) (hereafter referred to 
as Part I), it was shown both by surface area and 
by density measurements that the oxide scale 
formed during the nonprotective oxidation of a 
number of metals, including tungsten, is in fact 
porous to oxygen gas. In the present work, im- 
proved techniques have been used to estimate the 
rate of formation of the porous oxide scale and thus 
make a direct test of the paralinear model as ap- 
plied to tungsten. 


Theory of Paralinear Oxidation 


The generally accepted model (3, 12) of para- 
linear oxidation is that at a given time there are 
two distinct oxide layers on the metal (Fig. 1). It 

1 Present address: Metallurgy Division, Atomic Energy Research 
Establishment, Harwell, Didcot, Berks, England. 


* Present address: Division of Pure Chemistry, National Research 
Council, Ottawa, Canada. 


*The term “paralinear” 
McKewan and Fassell (8). 


Fig. 1. Illustrating the inner compact layer of oxide (A) and 
the outer, porous layer of oxide (B) which are believed to be 
present on the metal (C) during paralinear oxidation. 


appears to have been used first by 


¢ 


tion by an analysis of kinetic data alone. 


is supposed that the inner compact layer is formed 
at a parabolic rate and transforms to the outer 
porous layer at a constant rate so that: 


—=—-b U1) 


== fo [2] 


where y and z are the weights of combined oxygen 
per unit area at time t in the inner and outer layer, 
respectively; f is the ratio of the oxygen content 
per gram-atom of metal in the outer layer to that 
in the inner layer; a is one-half the parabolic rate 
constant, and fb is the linear rate constant (3). If 
the thickness of the “room temperature” film is 
neglected and if it is assumed that both [1] and 
[2] apply from zero time, we have after integration 


[3] 
z= fbt [4] 

The total weight gain w at time t is given by 
w=yt+z [5] 


and typical curves of y, of z, and of w are shown 
in Fig. 2. It will be noted that as oxidation proceeds, 
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Fig. 2. Illustrating the curves for the rate of growth on the 
inner and outer oxide layers. The curves of y and of z against 
time are calculated from Eq. [3] and [4], respectively; the 


curve of w against time is calculated from Eq. [5]. 
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the rate of thickening of the inner layer progres- 
sively decreases and its thickness tends to a limit- 
ing value. 

Ymax = a/b [6] 


so that the rate of oxidation (dw/dt) tends to the 
constant value fb. The thickness (in units of weight 
gain per cm’) of the inner layer at time t is given 
by 


y = w — fot [7] 


The evidence for the above model (Fig. 1) has 
been based on the whole (3, 9, 13) on the conform- 
ity of kinetic data to Eq. [5] with y and z given by 
Eq. [3] and [4], respectively. Now conformity of 
kinetic data to a particular rate equation does not 
in itself constitute a proof that the mechanism on 
which the rate equation is based is in fact operat- 
ing. For paralinear oxidation, there appear to be 
two ways in which the model can be tested: (a) 
the thickness (i.e., y) of the inner compact layer 
can be estimated from metallographic sections and 
compared with the value caiculated from the 
kinetic data and Eq. [7]; (b) the weight (z) of the 
outer, porous layer can be measured and should, 
according to Eq. [4], increase linearly with time. 

Webb, Norton, and Wagner (3) used method (a) 
and obtained reasonable agreement (within a fac- 
tor of 2) between the calculated value of y and the 
value as measured by metallographic and x-ray 
methods. In the present work a series of samples 
has been oxidized for progressively increasing 
times at 750° and at 800°C and the amount of por- 
ous oxide present on each measured both by the 
method of krypton sorption (14,15) and from me- 
tallographic sections. 

Provided that the oxide scale does not sinter 
after it has been formed then, for unit area of geo- 
metrical surface, the surface area S is proportional 
to the weight z of combined oxygen in the porous 
layer 


S = Az [8] 


so that a plot of S against t should be linear. In Eq. 
[8], A is a constant. 


Experimental 


The tungsten was obtained from the Tungsten 
Manufacturing Company Ltd. (England) as sam- 
ples measuring 20 x 9 mm which had been hot- 
sheared from 0.8 mm thick sheet; the main impur- 
ity was iron (0.05% max.) with only traces of 
other elements. As will be discussed later, surface 
preparation of the tungsten surface by abrasion on 
emery led to exfoliation of the metal on oxidation 
with an attendant increase in effective geometrical 
area. Accordingly, prior to oxidation, each as- 
received sample was etched in an aqueous solution 
of potassium ferricyanide and caustic soda for 5 
min, washed with water and then acetone (16). 

The samples for the surface area measurements 
and metallographic studies were prepared by oxi- 
dation at 750° and 800°C in oxygen at 1 atm pres- 
sure on a thermal balance (17), a fresh sample 
being used for each measurement. The temperature 
was measured on a calibrated chromel-alumel 


FORMATION OF POROUS OXIDES ON METALS 


r 


60 


w 
T 


$ 
| 


20 i 


WEIGHT GAIN (mg /cm’) 
| 


TIME (hr) 


Fig. 3. Oxidation of tungsten at 800°C in oxygen at at- 
mospheric pressure. The sample was oxidized to completion. 


thermocouple and the furnace controlled to + 6°C 
with a Cambridge temperature controller. In order 
to avoid the uncertainty in the zero of time at the 
start of each run (the shortest oxidation time was 
10 min), each sample was lowered into the hot zone 
of the reaction chamber at the beginning of each 
run and raised into the cold zone at the end of the 
run. 

The surface area of each oxidized sample was 
measured by the method of krypton sorption using 
a technique (15) which had been developed for the 
measurement of small absolute areas (the areas 
ranged from 500 to 2000 cm’). The reproducibility 
varied from about 4% for 500 cm* to about 1% for 
1000 cm* and above. 

In order to obtain more accurate kinetic data for 
a test of the fit to Eq. [3], several additional runs 
were made at 600°C and at 0.1 atm pressure on a 
vacuum microbalance (18, 19). For these measure- 
ments, tungsten foil of a different batch from that 
described above was used; the impurities amounted 
to less than 0.1% with molybdenum (0.02%) as 
the main impurity. 


Results and Discussion 


Kinetics—The curve corresponding to the oxi- 
dation of a sample to completion is shown in Fig. 3 
as the weight gain in mg/cm’ against the time in 
hours. The rate of oxidation decreases with time 
over the branch OA to become constant along AB 
in agreement with the findings of other workers 
(3); the linear branch AB however persisted for 
only about 7 hr (corresponding to 60% of the metal 
having been oxidized) after which the rate slowly 
decreased with time (branch BC) until all the 
metal had been oxidized. It is likely that this fall- 
ing off in rate is due to a decrease in the geometri- 
cal area of metal undergoing oxidation. 

The samples for the surface area measurements 
were prepared by oxidizing a series of tungsten 
samples for increasing times at each of the tem- 
peratures 750° and 800°C. Because of the small 
surface areas of the samples oxidized for only short 
times, two samples were used to obtain the first 
three experimental points on each of the curves 
(see Fig. 4, 800°C). The individual weight gains 
were found to fall on a reasonably smooth curve 
and the linear rates were 4.5 mg/cm’ hr and 9.9 
mg/cm’ hr at 750° and 800°C, respectively, with 
corresponding values of yx (intercept of linear 
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Fig. 4. Oxidation of tungsten at 800°C in oxygen at at- 
mospheric pressure. Each experimental point corresponds to the 
oxidation of a fresh sample. 


branch with the weight gain axis): 5.1 mg/cm* and 
6.8 mg/cm’, respectively. 

In order to provide kinetic data for analysis, two 
runs were carried out at 600°C on a vacuum micro- 
balance; here it was possible to measure the weight 
gain more accurately than on the thermal balance 
and avoid the complication of the area of metal 
significantly decreasing during oxidation (the linear 
rate was reached at a weight gain smaller than that 
at the higher temperatures). Readings were taken 
at 1-min intervals from 2-13 min, at 2-min inter- 
vals from 13-21 min, and at 5-min intervals from 
21-125 min; the weight gain was measured to + 
1.3 ywg/em* which meant that the relative error 
varied from 3% for the first point to slightly more 
than 0.1% for the final point. 

The kinetic data thus obtained (Fig. 5) were 
analyzed (20) by calculating the rate of oxidation 
(dw/dt) at each tabular point by means of the ap- 
proximate relation 


4,’ as” [9] 


where h is the interval and A,’ and A,” are the first 
and third central differences, respectively. The rate 
of thickening (dy/dt) of the barrier film was next 
calculated from the relation , 


= [10] 


where the linear rate (dz/dt) was read off from the 
oxidation curve (Fig. 5). The plot of (dy/dt) 
against 1/y (Fig. 6) demonstrates the difficulty of 
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Fig. 5. Oxidation of tungsten at 500° and 600°C in 
oxygen at 0.1 atm pressure 
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Fig. 6. Oxidation of tungsten at 600°C in oxygen at 0.1 atm 
pressure. The conformity of the data with Eq. [1] is tested by 
plotting (dy/dt) against 1/y. Note that the point furthest 
away from the origin corresponds to 2-min oxidation only. The 
value of 1/ymax is Shown as the vertical line on the graph. 


making a rigorous test of the paralinear rate equa- 
tions (which contain two disposable constants) 
from kinetic data alone. In addition to the consid- 
erable scatter of the individual points from the 
best straight line, the range over which Eq. [1] 
can be tested is seen to be restricted on the one 
hand by the value of 1/y,,,.x (note the crowding of 
of the experimental points) and on the other, by 
the experimental difficulty of obtaining data for 
the early stages of the oxidation (the point furth- 
est away from the origin corresponds to 2-min oxi- 
dation). 
Surface Areas 

The surface area of each of the samples oxidized 
at 750° and 800°C was measured by the method of 
krypton sorption; the results for 800°C are shown 
in Fig. 7 where the surface area per unit area of 
geometrical surface (S) is plotted against the time 
of oxidation (t). It is clear that S does not increase 
linearly with time as required by Eq. [4] and [8], 
but instead increases at a rate which decreases with 
time to become almost constant. A curve similar 
in shape to that shown in Fig. 7 was obtained for 
the samples which had been oxidized at 750°C. 

The similarity between the shapes of the curves 
of w and of S against time (compare Fig. 4 with 
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Fig. 7. Oxidation of tungsten at 800°C. The surface area 
per cm* of metal surface is plotted against the time of oxida- 
tion. Samples are the same as those in Fig. 4. The broken line 
represents the slope of the curve at zero time. 
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Fig. 7) suggests that the weight of porous oxide at 
a given time is not proportional to z (Eq. [4]), but 
is instead approximately the same as the total 
weight gain w; in other words, the weight of com- 
bined oxygen in the barrier film is small compared 
with w. If this supposition is correct, a plot of S 
against w should be linear, and reference to Fig. 8 
will show that this condition is true for the first 
few points on the curve. Since both oxidation tem- 
peratures lie above the Tammann temperature (11) 
of tungstic oxide (one-half the melting point or 
730°C), the subsequent deviation from the relation 


S = Bw [11] 


is probably to be interpreted in terms of the oxide 
scale sintering after it has been formed, a process 
which will result in an increase in the average 
crystallite size of the oxide with a corresponding 
reduction in its surface area. The constant B in Eq. 
[11] can be identified with S,,’, the slope of the 
curve of S against w at zero weight gain. The val- 
ues of S,,°, expressed in terms of specific surface 
(surface area of oxide per unit weight) are 0.379 
m’/g and 0.290 m*/g at 750° and 800°C, respec- 
tively. 

It might be argued that the initial linearity of 
the curve of S against w (Fig. 8) at 750° and 800°C 
is fortuitous and that, in the absence of sintering, 
the surface area would increase linearly with time 
(Eq. [8]) as required by the paralinear model. To 
test the latter possibility, the kinetics of the sin- 
tering process in the absence of oxidation were 
measured by heating a sample of tungstic oxide 
(that formed by complete oxidation of the metal 
at 750°C) in oxygen at 800°C for increasing periods 
of time, the specific surface S,, of the oxide being 
measured after each period of heating. Over 16 hr, 
S,, decreased from 0.123 m’*/g to 0.0867 m’/g, and 
the data were found to conform to the relation 


1/S, = Ct + D [12] 


with C = 0.09 g/m’ hr’; D is a constant identified 
below. 

Now if the paralinear model is correct, S,,” the 
specific surface of the oxide in the absence of sin- 
tering is given by the product of the slope of the 
curve of S against t at zero time (Fig. 7) and the 
linear rate constant; at 800°C, S,.° = 1.34 m’/g. If 
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Fig. 8. Oxidation of tungsten at 800°C. The surface area 
per cm’ of metal surface is plotted against the weight gain per 
cm’. Samples are the same as those in Fig. 4. 
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we make the reasonable assumption that the rela- 
tion [12] is valid for specific surface areas up to 
S,.”, we have 


After 2-hr oxidation at 800°C, the weight of porous 
oxice according to the paralinear model (Eq. [2]) 
will be 95 mg/cm’ and in the absence of sintering 
would have an area of 1280 cm’/cm’; insertion of 
the derived values of S,,° and C in Eq. [12] and 
[13] shows that after 2 hr heating at 800°C this 
area would only decrease to 1100 cm*/cm’* com- 
pared with the value of 300 cm’/cm’* read off from 
the experimental curve. Furthermore, the actual 
decrease in area due to sintering will be consider- 
ably less than 180 cm’*/cm’ because the calculation 
has been simplified by overestimating the sinter- 
ing time. Since in order to obtain conformity be- 
tween the measured and calculated values of S the 
rate of sintering (as expressed in terms of the 
parameter C) would have to be some twentyfold 
greater than that obtained experimentally, it is 
clear that the nonlinearity of the curve of S against 
t cannot be explained in terms of sintering alone. 
In other words, the experimental results are not in 
accord with the model of paralinear oxidation. 


Metallographic Examination of Oxidized Samples 

Each of the samples which had been oxidized at 
800°C was examined metallographically; for this 
purpose, each sample was mounted between two 
strips of mild steel, cast in “Araldite D” resin, 
sectioned, and one-half abraded to Grade 00 emery 
and finally polished with 6. and then lp» diameter 
diamond paste. 

According to Eq. [7], the weight of combined 
oxygen in the barrier film should represent 77% 
of the measured weight gain on the sample which 
had been oxidized for 10 min at 800°C. Corre- 
spondingly, the thickness of the barrier film should 
be 30% [using the x-ray density of 7.33 g/cm* for 
tungstic oxide (21)] and that of the outer, porous 
layer lly» [taking a value of 5.8 g/cm’* for the den- 
sity of porous tungstic oxide (11)]. Microscopic 
examination of the sample failed to confirm these 
predicted values, thus a barrier film could not be 
detected while the measured thickness of the dis- 
tinct yellow porous oxide, 38n, was found to be in 
reasonable agreement with the value of 47y calcu- 
lated from the total weight gain. 

Confirmation of the conclusions drawn from the 
surface area measurements was obtained by meas- 
uring the thickness of the porous oxide layer on 
sections of each of the samples which had been 
oxidized at 800°C (see Fig. 4); the results, shown 
graphically in Fig. 9, again demonstrate that the 
rate of thickening of the porous oxide layer is not 
constant from the start, but at first decreases with 
time. 

Although it was not possible to detect a barrier 
film by microscopic examination of any of the sec- 
tions, some evidence for such a film was provided 
by flexing a partially oxidized sample when the 
yellow oxide flaked away in parts to reveal a dark- 
blue film adhering to the metal. The film was, how- 
ever, extremely thin since light scratching revealed 
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Fig. 9. Oxidation of tungsten at 800°C. The thickness of 
the oxide scale as determined from metallographic sections, is 
plotted against time. Samples were the same as those in Fig. 4. 


the bright metal below. A dark blue substrate was 
noted by Webb, Norton, and Wagner (3). 

A number of abraded tungsten samples were also 
oxidized at 800°C on the thermal balance; while 
some of these oxidized in a similar manner to the 
etched samples, the majority gave a characteristic 
S-shaped curve (7) over which the rate of oxida- 
tion first decreased, was constant, and then in- 
creased with time (Fig. 10). Microscopic examina- 
tion of sections of a number of samples which had 
oxidized in this manner showed that the increase 
in rate at X (Fig. 10) could be attributed to ex- 
foliation of the metal with an attendant increase 
in the geometric area available for oxidation. Once 
cracking of the specimen has begun, the continua- 
tion of the process will be favored by the compres- 
sive stress set up at the base of the crack by the 
increase in volume associated with the conversion 
of metal to oxide (Pilling-Bedworth ratio 3.35:1). 

Finally, the micrographs in Fig. 11, which cor- 
respond to the samples oxidized at 800°C, illustrate 
the remarkable “edge-effect” which is obtained 
during the oxidation of tungsten (3, 4, 7). 


Oxidation Mechanism 

The experimental results described in the previ- 
ous sections would appear to show conclusively 
that the accepted model of paralinear oxidation 
cannot be used to describe the oxidation kinetic of 
tungsten. Thus: 

1. The rate of formation of porous oxide is not 
constant from the start (cf. Eq. [2]) but instead 
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Fig. 10. Oxidation of tungsten at 800°C in oxygen at at- 
mospheric pressure. The deviation from the linear rate at X is 
due to exfoliation of the metal. 
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Fig. 11. Sections of samples oxidized at 800°C showing the 
“edge-effect.’” The samples were the same as those in Fig. 4, 
(a) 10 min; (b) 20 min; (c) 30 min; and (d) 45 min. Polar- 
ized light, X30. 


decreases with time to reach an almost constant 
value (Fig. 7 and 9); 

2. The thickness of the barrier film is consider- 
ably less than the predicted value ( cf. Eq. [3]). 
A barrier film could not be detected on any of the 
sectioned samples while the measured thickness of 
the outer porous layer on the least oxidized sample 
at 800°C is in reasonable agreement with that cal- 
culated from the total weight gain. 

Since the bulk of the oxide layer is porous in 
that the amount of combined oxygen in the bar- 
rier film is small compared with w, the evidence 
for the existence of such a film is necessarily in- 
direct and must be based on the visual observa- 
tion of the dark-blue substrate referred to above. 

Regarding the true oxidation mechanism of 
tungsten, it is suggested that as in the model of 
paralinear oxidation the linear rate reflects the 
situation where the rate of thickening of the bar- 
rier film is equal to its rate of cracking to form the 
porous oxide so that the thickness of the barrier 
film is constant. The decrease, on the other hand, to 
the linear rate (branch OA, Fig. 3) cannot now be 
explained in terms of a decreasing contribution to 
the weight gain by virtue of the barrier film thick- 
ening (see Fig. 2); first, the weight of combined 
oxygen in the barrier film is itself very small, and 
second, the rate of formation of porous oxide is 
decreasing with time. Presumably over the branch 
OA, the barrier film is thickening at a greater rate 
than that at which it is cracking to form the porous 
oxide and the increasing path for ionic diffusion 
[the barrier film probably thickens by anionic dif- 
fusion (2)] causes the rate of oxidation to decrease. 
If this model is correct, the rate of cracking of the 
barrier film must depend on its thickness which 
seems reasonable. 
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An interesting feature of the early stages of the 
oxidation of tungsten is the absence of a rate tran- 
sition, or breakaway, which if it occurred would 
denote the development of cracks in a hitherto 
protective oxide layer (22). The runs at 500° and 
600°C on the microbalance (Fig. 5) clearly show 
that the rate of oxidation decreases from the start. 

It finally remains to discuss the specific surface 
results themselves. If it is assumed (11) that the 
oxide is composed of equal sized cubelets, the val- 
ues of S,,° at 750° and 800°C correspond to particle 
sizes of 2.2 x 10'A and 2.8 x 10*A, respectively. That 
the average crystallite size of the oxide at 800°C is 
greater than that at 750°C may be interpreted in 
terms of the fact that the barrier film is more plas- 
tic at the higher temperature and can thus deform 
to a greater extent before developing cracks and 
transforming to the outer, porous oxide. 

These measurements are now being extended to 
the oxidation of niobium and tantalum, and it is 
hoped to present the results in a later paper. 
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2.1N sulfuric acid at 30°C. A closed loop circulating system was used, with 1 in., 
34 in., and % in. diameter test sections. There was a gradual increase of corro- 
sion rate with increasing Reynolds number in the laminar flow regime, 
Re < 2100; a rapid increase in corrosion rate with increasing Reynolds number 
in the low turbulent flow regime, Re 2100 to 10‘; and a relatively constant 
corrosion rate due to polarization at Reynolds number >10*. Reynolds number 
as a corrosion parameter permitted useful generalizations and comparisons 


When copper is subjected to corrosion by sulfuric 
acid, particularly in the presence of oxygen, it is 
found that the corrosicn rate may be a function of 
the relative velocity cf the acid and metal. It is the 
purpose of this investigation to elaborate on the 
effect on corrosion of flow regime as characterized 
by Reynolds number. 


1 Present address: Shell Oil Company, Martinez, California. 


2 Present address: Lawrence Radiation Laboratory, University of 
California, Berkeley, California. 


with published heat and mass transfer correlations. 


The system copper-sulfuric acid has been selected 
for many reasons. Copper displays a constant rate of 
dissolution with time in a nonoxidizing acid such as 
sulfuric acid containing oxygen as a depolarizer. The 
mechanism of the corrosion process in this case is 
characterized by the transport of dissolved oxygen 
to the local cathode elements on the surface of the 
metal. 

The net reaction for the over-all corrosion process 
is generally considered to be (1, 2, 3) 
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2Cu + O, + 4H’ = 2Cu”* + 2H,O [1] 


Several assumptions exist with regard to the 
rate-determining step. Hill (4), Weeks and Hill (3), 
and Robertson et al. (5) consider the rate-determin- 
ing step to be 


2Cu + H’ + O, = 2Cu* + HO, [2] 
followed by the decomposition reaction 
HO, + 2Cu’ + 3H’ = 2Cu” + 2H,0 [3] 


Katz (6) and Lu and Graydon (2) have postulated 
rate-controlling reactions which involve atomic 
oxygen. 

Some of these mechanisms are open to question, 
but this paper is hardly the place to resolve such 
problems. Although the various investigators have 
different ideas regarding which reaction step is rate 
determining in the corrosion process, they do agree 
that the dissolution rate of copper in dilute sulfuric 
acid is dependent on and directly proportional to the 
concentration of dissolved oxygen in solution (7, 1, 
2, 8,9). 

In addition to the dependence of the corrosion re- 
action on the oxygen concentration, the dissolution 
rate of copper is also strongly influenced by the de- 
polarizing action of the cupric ions at the metal sur- 
face 

Cu + Cu” = 2Cu’ [4] 


followed by the oxidation of the cuprous ions 
(6, 1,2). The cupric ion, over a wide range of con- 
centration, is an effective cathode depolarizing agent 
in the solution of copper in dilute aerated sulfuric 
acid solutions. The dissolution of copper is catalyzed 
by a product of the corrosion reaction and is there- 
fore autocatalytic. The process is a complex one in 
which two parallel reactions are apparently super- 
posed, the solution of copper by the action of oxygen 
as well as the action of the cupric ions. The rate of 
formation of oxide films on the copper surface is 
also lowered substantially by the addition of cupric 
ions to the acid solution and decreases with increas- 
ing cupric ion concentration (6). 

In solutions with constant corrosion rate the oxy- 
gen mechanism is the primary one, and the reduction 
process of the cupric ions is either very small or does 
not take place at all. Such is the case with dilute 
sulfuric acid as corrosive agent when the copper ion 
concentration is very low. 

Of the many variables affecting the rate of cor- 
rosion of copper in aerated dilute sulfuric acid such 
as temperature, acid volume, concentration of cop- 
per, sulfate and hydrogen ion and dissolved oxygen, 
acid velocity and sample area (7,1,2,5) only the 
latter two parameters were varied in this study, 
while the other variables were maintained essen- 
tially constant. 

Early investigation of the effect of velocity on the 
corrosion of copper in dilute sulfuric acid containing 
oxygen using a stirring technique by Whitman and 
Russell (9) showed that higher velocities caused in- 
creased corrosion, but the increase in corrosion rate 
could not be explained by diffusion considerations 
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alone. The results therefore led to the proposal of 
protective film formation. In a more recent study Lu 
and Graydon (2) found that increased velocity had 
little effect on the corrosion rate, and they predicted 
that a chemical reaction rather than diffusion was 
the controlling factor in the corrosion process. 

The work of Kinevsky (1) and Krasilshchikov and 
Andreeva (10) on the other hand points to diffusion 
as the controlling factor in the dissolution of copper 
by aerated dilute sulfuric acid. 

Whatever the controlling physical mechanism of 
the corrosion system may be, the important role 
played by oxygen in the dissolution process is such 
that in many cases its presence is the determining 
factor in the entire corrosion reaction. Experimental 
results obtained by using a rotation technique have 
little value in predicting corrosion for the case of 
flow in pipes. The manner in which the oxygen is 
brought to the walls of the pipe must be considered. 
The effect of flow conditions on the availability and 
transfer of dissolved oxygen and other processes in- 
volved in corrosion reactions have been evaluated on 
the basis of certain hydraulic concepts of fluid me- 
chanics (11). 

When a real fluid flows in a tube two distinct flow 
regimes may be observed: laminar and turbulent. 
Friction and viscous forces result in the establish- 
ment of flow gradients. Thus the velocity of flow 
varies from the wall, where liquid molecules are at 
rest, to the center of the tube, where flow velocity is 
a maximum. When flow is laminar (also called vis- 
cous or streamline in corrosion literature) the ve- 
locity distribution is parabolic, the average velocity 
is approximately 0.5 the maximum velocity, and the 
laminar boundary layer which starts at the wall ex- 
tends to the center of the tube. At a higher flow rate 
the flow becomes turbulent; streamlines lose their 
identity, the laminar boundary layer at the wall be- 
comes very thin, decreasing in thickness with in- 
creasing velocity; and the average velocity becomes 
more nearly equal the maximum velocity, and tur- 
bulent mixing may be thought of as wiping the 
boundary layer (12). The flow is conveniently char- 
acterized by Reynolds number, Re = vdp/y» where v 
is velocity, d diameter, p mass density, and uw vis- 
cosity. Transition from laminar to turbulent flow in 
a tube occurs at Re ~ 2100, but for different geom- 
etries this transition occurs at different Reynolds 
numbers. Frictional resistance, heat transfer rates, 
and mass transfer rates are altered as hydrodynamic 
flow changes, not necessarily at equal pace. 

The effect of hydrodynamic flow on corrosion has 
been appreciated for years (13, 14, 15, 16, 17, 18, 19, 
20, 21, 22,23), but quantitative illustrations have 
been few indeed. Fortunately there have been theo- 
retical analyses published in recent years on laminar 
boundary layer flows with surface reactions (15), 
and these will point the way for future research. A 
rigorous analysis requires consideration of conti- 
nuity, dynamic, energy and stoichiometric equations 
(24, 25, 15, 26). 


Apparatus 


The industrially important case of flow through 
pipes was selected for this study. 
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Fig. 1. Equipment diagram 


The corrosion apparatus used was essentially the 
same as the one designed by Barrington (27), Fig. 1. 
However, a few necessary modifications had to be in- 
corporated in order to facilitate the development of 
laminar flow at low Reynolds numbers (28). Details 
of the apparatus are available in references (27, 28). 


The construction of the apparatus is such that 
temperature, oxygen concentration, fluid velocity, 


pipe size, and corrodent concentration may be varied - 


independently. The corrosion rates may also be de- 
termined by different methods such as electronic or 
radioactive tracer techniques after minor alterations 
of the present equipment. 


Test section.—The material tested was American 
Brass Company alloy 100, also known as electrolytic 
tough pitch copper, a type widely used in the United 
States. A representative analysis of this material is: 
copper 99.95%; gold, silver, arsenic, antimony, bis- 
muth, tin, lead, iron, nickel, selenium, tellurium, sul- 
fur, each less than 0.002%. 


Specimens were prepared from hard-drawn, un- 
annealed solid round stock and were machined to 
nominal Schedule 80 pipe sizes of 4%2-, %-, and 1-in. 
The actual internal diameters of the pipe sections 
were 0.532, 0.746, and 0.952 in., respectively, match- 
ing the internal diameters of the corresponding 
straightening as well as outlet sections on both ends 
of the specimen. Test sections were 4 in. long. 

A short time before each run the test specimen 
was carefully polished with 3/0 grade emery paper to 
remove oxides and other corrosion products. After 
polishing, the test section was washed with distilled 
water, acetone, and absolute ethyl alcohol and dried 
in air. A single specimen of each pipe size was suffi- 
cient for all runs. 

Test system.—The test system is shown in Fig. 1. 
The equipment is essentially a closed loop circulation 
system of unplasticized polyvinyl chloride (PVC) 
pipe, fittings, and valves. The pumps, each capable of 
delivering 25 gpm at 25 ft of head or 10 gpm at 37 ft, 
use Buna-N rubber for pump body, impeller, and 
diaphragm. Impeller shafts are stainless steel with a 
rubber coating. Only one pump is used for the flow 
rates at low Reynolds number. 

An orifice and manometer system provides for me- 
tering. The Plexiglas orifice is sharp edged with a 
beveled downstream edge, located between flanges 
in such a way as to minimize turbulence due to va- 
riations in the direction of flow (29). 
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The straightening section of PVC pipe preceding 
the test section is 66 in. long and is adapted to the 
test loop by a reducing flange for the % and %-in. 
pipe sizes. It is supported by aluminum angle for ri- 
gidity. The 7-in. long outlet section following the test 
section is made of Plexiglas and is also adapted to the 
test loop by a reducing flange. It was necessary to em- 
ploy a transparent outlet section to make sure that 
no alr bles were trapped in the top portion of the 
pipe « »g low flow rates. The entrance and exit 
sectic* tow the establishment and maintenance of 
the fic. through the test section. The inlet length is 
sufficient to establish laminar flow for Reynolds num- 
bers below 2100 in the present apparatus. 

The sulfuric acid solution passes through the test 
section or by-passes it to enter a pressure vessel 
made of 8-in. PVC pipe. In this vessel a cooler made 
of % in. Hastelloy C tubing removes the heat gener- 
ated by the pump and friction. The Hastelloy C 
cooler and the mercury in the manometer are the 
only metals in the circulation system other than the 
copper test section. The copper-constantan thermo- 
couple is in a Pyrex tube containing oil. 


Experimental Procedure 

General.—The corrosion of copper pipe by aerated 
dilute sulfuric acid depends on acid velocity, pipe 
size, temperature, and dissolved oxygen, hydrogen 
ion, and copper ion concentration. The purpose of the 
experimental work was to study two of the corrosion 
parameters: pipe diameter and acid velocity. Tem- 
perature and oxygen concentration were held con- 
stant. The hydrogen ion concentration varied but 
slightly between test runs. Variations in the copper 
ion concentration were also slight and had no meas- 
urable effect on the corrosion rate for concentrations 
encountered in this investigation. The acid volume 
varied approximately 1% during each run due to 
sample removal; however, this variation had a negli- 
gible effect. 

Corrosive liquid.—The acid solution was prepared 
from reagent grade concentrated sulffric acid and 
distilled water. The hydrogen ion concentration for 
all test runs was 2.13 + 0.02N as determined by ti- 
tration. Aerated sulfuric acid of this strength readily 
attacks copper (30, 6). 

The copper ion concentration in the corrosive liq- 
uor was kept always below 7.16 x 10~ g/l. Concen- 
trations of this order have been shown (31) to have 
no measurable effect on the corrosion rate. Experi- 
mental results also indicate no increase in corrosion 
rate due to increasing copper ion concentration. 

A technique was developed to neutralize the aerated 
acid sample without loss of dissolved air prior to the 
Winkler analysis for oxygen. The oxygen content ob- 
tained, 5.3 ppm, indicated over 90% saturation, 
based on application of Henry’s law to solubility data 
published (32). 

The acid was mixed in 8.4 liter batches and sy- 
phoned into the vessel through the sample tap. The 
average total acid volume in the system was about 
32 liters. 

Procedure.—The corrosive fluid was aerated for 1 
hr before each run by circulating it through the inner 
loop of the corrosion apparatus while air was bub- 
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bled into the vessel. The relief valve was held open 
during this period. The saturation period also pro- 
vided time for the fluid to attain a temperature of 
86 + 2°F (30°C), the value used for all runs. 

After the acid was aerated, the copper specimen 
with the freshly prepared surface was installed and 
the fluid diverted through the test section loop. Flow 
was controlled by the bypass valve and the valves 
downstream from the test section. A visible level 
was maintained in the vertical Plexiglas section after 
all the air in the horizontal section had been dis- 
placed by the acid. 

The initial fluid sample was taken after % hr, 
when the corrosion process had essentially reached 
steady state. Thereafter, samples were removed 
every 1% hr during the test runs of lower velocity 
and every hour during the runs with higher velocity 
for the extent of the run, 4% or 3 hr, respectively. 

Copper content of the acid solution was analyzed 
by the spectrophotometric procedure determined in 
a Beckman Mode! B spectrophotometer with a set of 
four matched cells, using dithizone reagent (33). A 
plot of the corrosion in milligrams of copper vs. 
time in hours for the four samples of each run re- 
sulted almost always in a straight line, the slope of 
which was determined by the method of least 
squares. The corrosion rate in milligrams per hour, 
which was represented by the slope, was multiplied 
by a factor to obtain the rate in mg/dm’*/day (mdd). 

Additional test runs were made with the -in. 
pipe at Reynolds numbers of 600, 6000, and 60,000 
after saturating the acid with pure oxygen for 3 hr to 
confirm that oxygen concentration and diffusion 
were indeed the rate controlling factors in the corro- 
sion of copper by sulfuric acid. 


Results and Discussion 

Results of this investigation are presented in dif- 
ferent ways to illustrate some of the advantages of 
considering Reynolds number as a parameter in cor- 
rosion. In Fig. 2 corrosion rate is shown as a function 
of Reynolds number. In the laminar flow regime, 
Re < 2100, the corrosion rate increases slowly with 
increasing Reynolds number. Between Reynolds 
numbers of 2000 and 3500 the data show a rapid in- 
crease in corrosion rate with increasing Reynolds 
number. It is believed that the experimental region 
of Reynolds number of 3500 to 10,000 did in fact rep- 
resent turbulent flow, for reasons to be discussed 
shortly. To suppress transition flow and resultant 
scatter in data, flows below Re = 2100 were ap- 
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Fig. 2. Correlation curve of corrosion rate vs. Reynolds 
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proached by opening the valves to maintain laminar 
flow: flows above Re = 2100 were approached by 
closing valves to maintain already established tur- 
bulent flow. The data presented here, for %-, %4-, 
and 1-in. pipe, appear to fit the curves within limits 
that are normal in heat transfer, mass transfer, and 
fluid flow experiments. These data show no persistent 
effect of pipe diameter on corrosion rate; they per- 
mit generalization; and they show a change in the 
corrosion rate when the flow changes from laminar 
to turbulent above Re = 2100. 

Above Reynolds number 10,000 the corrosion rate 
approaches a constant, probably due to polarization. 
Here presumably both the anodic and cathodic re- 
action rates are controlled by a limiting rate of elec- 
tron transfer. The activation energy of the discharge 
process becomes controlling (34). Supplying pure 
oxygen instead of air does not change the corrosion 
rate appreciably under these conditions, demonstrat- 
ing that the corrosion rate is no longer determined 
by the access of oxygen to the solid-liquid interface. 
Halpern (35) found the rate of corrosion of copper 
in aqueous ammonia was proportional to oxygen 
pressure to a value dependent on the ammonia con- 
centration. Unfortunately the present investigation 
maintained constant acid concentration and gives no 
indication of the possible effect of varying the acid 
concentration. 

In Fig. 3 the corrosion rate is presented as a func- 
tion of velocity. In the laminar regime the data do 
not warrant more than one generalized curve. This 
is reasonable because the exponent shown in Table 
I is 0.23 for Reynolds number and therefore for the 
product of velocity and diameter. For the range of 
diameters used, diameters raised to the 0.23 power 
are not experimentally separable. However, in the 
turbulent regime, for Reynolds number 2100 to 10' 
the exponent of Reynolds number is 0.68, and the 
diameters raised to this power are experimentally 
distinguishable. At a given velocity in this regime, 
the corrosion rate will then depend on the diameter, 
and three separate lines are shown. After polariza- 
tion the corrosion rates are again not distinguishable 
for the different diameters studied. 


The use of dimensionless groups such as Reynolds 
number is of long standing in fields such as fluid flow, 
heat transfer, and mass transfer (36,37). In recent 
years the use of dimensionless groups has become 
well established in electrochemistry (38, 26, 39). Re- 
lationships commonly presented include Nu = 
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Table |. Corrosion rates for the different flow rates 


Average Maximum 
Corrosion deviation, deviation, 
Flow regime rate, mdd % %o 


Laminar flow 
(Re = 300-2100) 


28.27 Re’™” 12.1 20.7 
Low turbulent flow 0.78 Re’ 7.7 13.6 
(Re = 3500-11,000) 


High turbulent flow 
(Re = 11,000-100,000 


270.4 8.4 15.1 


B(Re)‘(Pr)” where the constant B and exponents 
a and b are determined experimentally (40, 36). 
Correlations between heat transfer and mass trans- 
fer permit the use of Nusselt or Sherwood numbers, 
and Prandtl or Schmidt numbers. Such correlations 
help one to understand and to predict corrosion 
rates. 

For example, a common correlation in turbulent 
heat transfer is Nu = 0.023 Re’* Pr’* where Nu is 
Nusselt number, Pr is Prandtl number, and Re is 
Reynolds number (41). The Prandtl number plays 
the same role in heat transfer as the Schmidt number 
in mass transfer (36). In mass transfer (36) Nusselt 
number is defined as Nu = jd/DAC, where j is the 
mass transfer coefficient, d is diameter, D is the dif- 
fusion coefficient, and AC the concentration change. 
Up to Re = 10‘, the corrosion rate of copper observed 
in this investigation is determined by the cathodic 
rate of reduction of oxygen; therefore j, D, and AC 
should refer to oxygen. The rate of oxidation of cop- 
per at the anode must be proportional to the rate of 
reduction of oxygen at the cathode (unless other 
chemical species are being oxidized or reduced at the 
same time). Since in this study the change in copper 
concentration with time was analyzed, and not the 
change in oxygen concentration with time, it ap- 
peared reasonable to use the corrosion rate of 
copper as j for Nu, using Do, and ACo, for the 
denominator. The expression for Nu involves moles 
of diffusing species, rather than equivalents, so the 
use of j for copper instead of j for oxygen should 
involve a proportionality constant which depends on 
the mechanism of the rate controlling reaction. If 1 
mole of oxygen is reduced to give 4 moles of cuprous 
ion, there will be a factor of 4; if the mole of oxygen 
reduced gives 2 moles of cupric ion there will be a 
factor of 2. This assumes that the solution analysis 
accounts for all copper oxidized, and no substantial 
adherent copper oxide is formed. 

The present investigation was performed with a 
single corrosive solution, 2.1N H.SO,, with a constant 
Schmidt number. Correlations in the literature differ 
somewhat on the relative importance of transfer of 
mass by momentum rather than by diffusion; the ex- 
ponent of the Schmidt number therefore varies (42, 
26). In this study an exponent of 0.33 was arbitrarily 
adopted. 

In Fig. 4 is shown a plot of Nu/Sc’™ vs. Re, for 
different diameter pipes, paralleling the conventional 
heat transfer relation. Different diameters give dif- 
ferent lines here because the corrosion rate, rela- 
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Fig. 4. Mass transfer correlation for turbulent flow (corro- 
sion of copper pipes in aerated 2.1N H.SO,). 
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Fig. 5. Mass transfer correlation for turbulent flow 


Corrosion Rate of Copper 
Nu’ = 


Diffusion Coefficiento, x Concentration Gradiento. 
(corrosion of copper pipes on aerated 2.1N H-SO,) 


tively constant at a fixed Re, must be ‘multiplied by 
d/DAC to give a dimensionless Nusselt number. The 
data fit the lines drawn within 15%, again a reason- 
able agreement, particularly in view of the fact that 
mass transfer may be better correlated by raising 
Reynolds number to the 0.7 power rather than to the 
0.8 power. 

If the Nusselt number is multiplied by the reci- 
procal of the diameter one obtains Nu’, a function 
with dimensions 1/cm, directly proportional to the 
corrosion rate. In Fig. 5 is shown a correlation of 
Nu’ = 0.053 Re’” Sc’*. The data fit this generalized 
line within a +15% band, indicating that the effect 
of diameter on the corrosion rate was indeed not dis- 
tinguishable in this study. Since all these data are for 
constant Schmidt number, no test of the exponent 
is feasible, but a correlation of Nu = 0.079 Re’’ 
Sc’** has been established for mass transfer of a 
cylinder rotating about its axis (42). Both Fig. 4 and 
5 are correlations for turbulent flow, as the expo- 
nents for Reynolds number show, indicating that the 
flow was probably turbulent in the experimental 
range Re 3500 to 10°. ; 

Correlations of mass transfer with heat transfer 
are not as well established for forced convection 
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0.5 Corrosion Rate of Copper x Diameter 


Num = 

Diffusion Coef.o, x Conc. Gradiento, 
Nun = heat transfer coef. x diameter/thermal conductivity; 
P’e = RePr for heat transfer = ReSc for mass transfer; 


Reynolds number = diameter x velocity x mass density/vis- 
cosity; Prandtl number = specific heat x viscosity/thermal 
conductivity; Schmidt number = viscosity/mass density x 
diffusion coefficient (corrosion of copper pipes in aerated 
2.1N H2SO,). 


laminar flow as for turbulent flow, especially for flow 
in tubes. Nevertheless a correlation was attempted 
between corrosion rates obtained experimentally and 
an empirical heat transfer relation. The equation 
selected (41) was 


Nu = 1.86 (RePr d/1)°™ 


The viscosity ratio was assumed to be unity. The 
product RePr is Péclet number, Pé. Since the present 
data were for constant Schmidt number, and 
Schmidt number for mass transfer processes corre- 
sponds to Prandtl number for heat transfer proc- 
esses, this equation was evaluated for a range of 
Péclet numbers equal to ScRe for Sc = 419 and 
Re < 2100. The line drawn in Fig. 6 therefore is just 
a numerical solution for this empirical equation for 
laminar flow convective heat transfer. Superposed 
are the experimental data at these Péclet numbers. 
The Nusselt numbers for corrosion are defined as 
Nu = 0.5 jd/DAC, where j is taken as the corrosion 
rate of copper, moles/cm” sec; d is the diameter of 
the tube, cm; D is the diffusion coefficient for oxy- 
gen as based on Wilke (43), cm’/sec; and AC is the 
concentration difference of oxygen between the 
metal-liquid interface solution (assumed zero con- 
centration) and the bulk of the liquid phase (as- 
sumed a constant concentration due to saturation 
with air). Although one point lies about 45% off 
the calculated curve, the other data points are within 
30% of predictions. It should be observed that the 
empirical relationship for laminar convective heat 
transfer, Nu 1.86 (RePr d/1l)°™ 
emphasizes the effect of changes in viscosity y» at the 
solid-liquid interface (41). In mass transfer the rate 
of change in concentration as one approaches this in- 
terface becomes important. The first approximations 
discussed in this paper make no attempt to introduce 
such refinements, or even to introduce rigorous 
mathematical models and analyses. 

Some limitations of the present study should be 
noted. In industrial tubular heat exchangers, im- 
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pingement corrosion is generally prominent at the 
entrance end of the tubes; in this investigation flow 
entrance effects have been avoided. Cavitation and 
erosion effects have also been excluded. 

Flow entrance effects have been avoided by having 
an entrance length of plastic pipe 66 in. long. This, 
however, has assured an entrance effect with respect 
to mass transfer. The corrosive fluid, entering the 4 
in. long copper tube, will build up a laminar bound- 
ary layer in which the oxygen tension along the 
metal-liquid interface decreases from entrance of 
the copper test section to some point along the length 
where the oxygen tension approaches zero (except 
for the polarized condition at Re > 10‘). Correspond- 
ingly, the concentration of copper ion in this bound- 
ary layer changes from the bulk concentration C, 
to a concentration C, + AC where AC is the cuprous 
ion appearing as the oxygen is reduced. The test sec- 
tion is really too short to give a fully developed dif- 
fusion boundary layer. A better study would be to 
have a sufficient entrance length of copper tubing 
preceding a radioactive section of copper tubing; the 
rate of appearance of radioactive copper would then 
be a better measure of steady-state corrosion rate. 

The present investigation has been confined to rel- 
atively smooth copper pipe in which protective film 
formation is not pronounced. This may explain why 
Reynolds number is a convenient parameter for cor- 
relations here. In contrast it has been stated that for 
rough steel pipes (in which protective corrosion films 
form diffusion barriers) Reynolds number is not a 
criterion of similarity (11). 

The present investigation does enable one to un- 
derstand inconsistencies in the literature on corro- 
sion of copper in aerated sulfuric acid. Data taken 
under conditions where polarization existed would 
show no effect of increased velocity or Reynolds 
number. Data in the laminar regime would show 
little effect of velocity and Reynolds number. Judg- 
ing by the short range of Reynolds numbers between 
the start of turbulent flow, Re ~ 2100, and the in- 
ception of polarization, Re ~ 10‘, it would be easy 
to run experiments in the turbulent flow regime in 
aerated sulfuric acid in which there was insufficient 
data to demonstrate any effect of Reynolds number. 
This would be particularly true at oxygen pressures 
above 1/5 atm. 


Conclusions 

The-rate of corrosion of copper pipe in aerated 
2.1N H.SO, at 30°C is controlled by the transport of 
oxygen to the reacting surface at Reynolds number 

At Reynolds number > 10‘ the corrosion rate is 
essentially constant, due to polarization effects. 

At a given Reynolds number no significant effect 
of diameter on corrosion rate has been observed for 
the diameters studied: %%, %, and 1-in. 

The rate of change of corrosion rate with increas- 
ing Reynolds number is different in laminar flow, 
Re < 2100, than in turbulent flow, 2100 < Re < 10. 

By use of Reynolds number and other criteria of 
similarity it is possible to obtain reasonable corre- 
lations of corrosion data with mass transfer and 
heat transfer relationships in the literature. 
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NOMENCLATURE 
C, concentration, g moles/cm‘*. 
C., concentration of copper ions in bulk of solution, g 
moles/cm*. 
AC, concentration change of copper ions, g moles/cm‘*. 
Cp, heat capacity, calories/g mole °C. 
d, diameter of pipe, cm. 
D, coefficient of diffusion, cm*/sec. 
h, heat transfer coefficient, calories/cm’ sec. 
j, mass transfer coefficient, g moles/cm* sec. 
k, thermal conductivity, calories/sec cm* °C. 
l, characteristic length, cm. 
V, linear velocity of fluid, cm/sec. 


Greek Symbols: 

A, Incremental amount. 

u, dynamic viscosity, g/cm sec. 

v, kinematic viscosity, cm*/sec. 

p, density, g/cm’. 

Dimensionless groups: 

Nu, Nusselt number, jd/DAC for mass transfer; hd/k 
for heat transfer. 

Nu’, Modified Nusselt number, Nu’ = Nu/d = j/DAaC 
for mass transfer, (cm)~. 

Pé, Péclet number, RePr for heat transfer, ReSc for 
mass transfer. 

Pr, Prandtl number, Cpu/k. 

Re, Reynolds number, Vd/v, Vdp/xu. 

Sc, Schmidt number, v/D. 
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The Role of a Displacement Reaction in the Kinetics of 
Oxidation of Alloys 


Roger L. Levin and J. Bruce Wagner, Jr. 
Hammond Metallurgical Laboratory, Yale University, New Haven, Connecticut 


ABSTRACT 


The oxidation of some copper-zinc alloys and a copper-nickel alloy in pure 


oxygen at 700°C has been studied to determine the occurrence of a displace- 


ment reaction of the type 


B” + 2e + AO = A” + 2e + BO 


as proposed by C. Wagner. The formation of BO in the displacement reaction 


has been shown to occur by observing a change in the oxide scale by metal- 
lographic examination and by noting a change in the rate of oxidation as given 
by the parabolic reaction rate constant. A change in the oxidation rate for 
several samples was further emphasized by observing the rates during two 
periods of oxidation which were separated by an isothermal annealing period 


in an inert gas. 


When a pure metal reacts with an oxidizing 
atmosphere at an elevated temperature, the kinet- 
ics may be described in terms of a parabolic rate 
equation when a compact oxide layer is formed and 
diffusion of ions and electrons through the layer 
is rate determining (1). The oxidation of an alloy 
can be considerably more complex. The thermody- 
namics of oxidation of the various alloy constitu- 
ents, each with different activities, must be con- 
sidered. The diffusion rates of the different species 
through the oxide, which may consist of more than 
one phase, will be different, and superimposed on 
these features may be a change in the structural and 
chemical composition of the oxide with time. Struc- 
tural changes brought about by recrystallization 
which affect the oxidation kinetics have been studied 
on the oxide of a pure metal by Meijering and Ver- 
heijke (2) and on the oxide of an alloy by Sartell, 
Bendel, Johnston, and Li (3). 

The role of a displacement reaction has received 
less attention. The effect of a displacement reaction 
on the kinetics of oxidation has been pointed out 
(4-6); however, the effect has not been correlated 
with chemical and structural changes which occur 
in an oxide under conditions involving an oxida- 
tion process interrupted by an isothermal anneal 
in an inert atmosphere. Such changes are of current 
theoretical and practical interest particularly for 
the development of oxidation resistant alloys for 
high-temperature use. 

In order to demonstrate the role of a displace- 
ment reaction on the kinetics of an oxidation pro- 
cess, binary, one-phase alloys whose constituents 
differ widely in affinity for oxygen are the most 
convenient to use. Two such systems, the copper- 
zine and copper-nickel systems, are considered, and 
for both alloys, the oxidation processes were car- 
ried out under one atmosphere of pure oxygen, at 
700° and at 800°C, respectively. 

Several investigators (7, 8) have determined the 
amount of copper oxide in the total oxide on 
brasses of various compositions oxidized under 


conditions similar to those above. Dunn (7) has 
shown that all brass alloys which have less than 
76 wt % copper oxidize at virtually the same rate, 
and the oxide on these alloys consists of essentially 
pure zinc oxide (see Fig. 1). For these alloys, the 
diffusion of zinc to the surface through the metal 
and through the oxide is sufficiently rapid to keep 
pace with the oxygen reacted on the surface, and 
the parabolic mode of oxidation is followed ap- 
proximately. This is shown in Fig. 2. 

In brasses containing between 76 and 82% of 
copper, the amount of zinc capable of diffusing to 
the surface becomes less than the amount of oxygen 
absorbed, and as a result the amount of copper in 
the oxide increases with the formation of cuprous 
oxide. The oxidation of these brasses does not fol- 
low the parabolic oxidation law. 
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Fig. 1. Percentage of copper oxide in the oxide scale on 
brasses of various compositions oxidized in oxygen at 725°C. 
Note the break in the ordinate between 30 and 70%. (After 
Dunn) 
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Fig. 2. Influence of temperature and composition on the 
form of the oxidation rate curve. @, Approximate conformity 
to the ideal oxidation law; X, wide departure from the ideal 
oxidation law; O, accurate conformity to the ideal oxidation 
law. (After Dunn) 


Brasses which contain greater than 90% copper 
are shown to contain greater than 90% copper 
oxide in their oxides. With the remaining amount 
of zinc oxide either dissolved or as a finely dis- 
persed mixture in the cuprous oxide, it is then ex- 
pected that the oxidation rate is governed by the 
diffusion of cations and electrons across the com- 
posite oxide layer. The oxidation of these brasses 
with greater than 90% copper conform to the para- 
bolic oxidation law. In experiments where the oxi- 
dation is carried out in pure oxygen, a very thin 
layer of cupric oxide may form on the outer oxide 
surface. This CuO layer does not appreciably affect 
the kinetics for the experiments described. 

The deviations from parabolic behavior for cer- 
tain brasses were attributed by Dunn to a sintering 
or recrystallization of the oxide, and to confirm his 
hypothesis, he performed the following experi- 
ments. Brass of an unspecified composition was 
oxidized at 725°C under the following conditions: 


Experimental conditions Change in 


weight, mg 


1. Oxygen absorbed in 1 hr in 

pure O, 9.42 
2. Oxygen absorbed after 1 hr in 

O. followed by 2 hr in N, fol- 


lowed by 3 hr in O, 9.8 
3. Oxygen absorbed in 4 hr in O., 
uninterrupted 17.2 


The 2-hr anneal in nitrogen greatly altered the 
kinetics of the oxidation reaction. Wagner (6) sug- 
gested that during the isothermal anneal a dis- 
placement reaction occurred where 


Zn (in alloy) + Cu.O = 2Cu + ZnO [1] 


During the oxidation of a hypothetical alloy AB, 
Wagner (4) has stated that such a displacement 
reaction is possible if the oxide BO, as shown in 
Fig. 3, has a greater affinity for oxygen, i.e., a lower 
standard free energy of formation, than the oxide 
AO. He has shown that under such conditions the 
oxide BO could be expected to grow, even though 


ALLOY AB 


Fig. 3. Schematic cross section of the scale of an alloy AB 
with an outer layer of oxide AO and an inner two phase layer 
of oxides AO and BO. At the interface of oxides AO and BO, 
the displacement reaction 


BY + 2e° + AO = A* + 2e + BO 


occurs so that oxide BO can grow even though it is not in 
contact with the oxidizing atmosphere. [After Wagner (4) ] 


it is not in direct contact with the oxidizing atmos- 
phere, by the reaction 


+ + AO = BO + A* + 2e [2] 


The free energy of formation of ZnO is less than 
the free energy of formation of Cu.O at 700°C. The 
values are (9) 


= — 60,540 cal/mole 
AGcuso = — 23,700 cal/mole 


Therefore one would expect that reaction [1] 
would proceed toward the formation of zinc oxide 
and free copper under the same conditions as those 
described above for the formation of the hypotheti- 
cal oxide BO. 

Because it is known that the diffusion of zinc 
ions is slower in zine oxide than copper ions in 
cuprous oxide (10-12), a reasonable assumption is 
that, because of the marked differences in the 
structures of zinc oxide (hexagonal close-packed 
of the wurtzite type) and cuprous oxide (cubic), cop- 
per ions also diffuse more slowly in zinc oxide than 
in cuprous oxide. In addition, because cuprous oxide 
and zine oxide are virtually immiscible, the diffu- 
sion of copper in zine oxide is expected to be very 
small. If displacement reaction [1] occurs, the 
area of contact between the cuprous oxide and the 
metal alloy would be decreased by the formation of 
zinc oxide at the interface. Thus the avenues of 
rapid transit would be blocked, and a decrease in 
the oxidation rate would be expected to occur as 
the relatively impermeable envelope develops and 
increases in thickness. A change in the oxidation 
rate would be manifested as a change in K,, the 
reaction rate constant, in the parabolic equation 
which may be written as 

K, a | [3] 
where Am/A is the weight gained per unit area, 
and t is the time. 


Experimental Procedure 
To check the proposed displacement reaction and 
to correlate a change in the oxidation rate with a 
change in the oxide structure, Cu-Zn alloys with 
wt % Zn = 30, 15, 10, and 5 were oxidized 
in oxygen and annealed in argon at 700°C. These 
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alloys were chosen because they are representative 
samples of the brasses which fall in the three re- 
gions shown in Fig. 1 and 2. Also, in order to show 
the generality of the displacement reaction to other 
systems, measurements were carried out on a 68% 
copper-32% nickel alloy oxidized in oxygen and 
annealed in argon at 800°C. 

Specimens 1.15 x 0.5 in. were cut from 0.005 in. 
sheet.’ These metal coupons were annealed in vac- 
uum at a temperature between 375° and 400°C, 
depending on the composition of the alloy, in order 
to stabilize grain size and to prevent distortion of 
the sample during the period of oxidation. They 
were polished on emery paper through to 4/0, 
lapped on a wheel saturated with Linde A abrasive, 
and washed with methyl] alcohol. The surface area 
was determined from micrometer measurements. 
The oxidation apparatus is the same as that de- 
scribed in an earlier paper by Pettit, Yinger, and 
Wagner (13). 

The procedure followed for each oxidation run 
was to oxidize the sample in pure oxygen, at a flow 
rate of approximately 3 l/hr, for a period termed 
the “first oxidation period.” For the samples under- 
going continuous oxidation, this period constituted 
the entire process. In the interrupted oxidation ex- 
periments, the furnace was flushed with argon at 
the end of the first oxidation period, and the sample 
was held in a static atmosphere of argon for a de- 
termined period of time. The argon was purified by 
passing it through a furnace containing copper 
chips at 500°C and successively through tubes con- 
taining magnesium perchlorate, Ascarite, and mag- 
nesium perchlorate. At the end of the isothermal 
anneal, the argon was evacuated and the flow of 
oxygen was resumed during a second period of 
oxidation. All oxidation and annealing tempera- 
tures were the same for a particular run, and the 
temperature was controlled at +%°C by a L&N 
AZAR temperature controller. Curves of each run 
were plotted as (Am/A)’* vs. time to obtain K,, the 
parabolic reaction rate constant. 

In order to follow the changes in structure and 
composition of the oxide layers as a function of 
time, representative experiments were terminated 
and the samples were removed and mounted for 
metallographic examination. 


Results and Discussion 


Because a change in the kinetics of the oxidation 
reaction is reflected as a change in the parabolic 
reaction rate constant, it is possible to correlate 
these values of K, qualitatively with the amount of 
zine oxide or nickel oxide, as the case may be, 
present in the total oxide. The values of K, for the 
oxidation of representative samples of brasses of 
various compositions in pure oxygen, at 700°C, 
both before and after a period of isothermal an- 
nealing in argon, are presented in Table I. Because 
the thickness of the zinc oxide layer is the rate- 
controlling step in the oxidation of these alloys, the 
differences in the values of K, before and after the 
isothermal annealing periods of different lengths is 


! The brass specimens were kindly furnished by the Chase Brass 
and Copper Company of Waterbury, Connecticut. 
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Table |. Parabolic reaction rate constant, K,, is shown for 
representative brass samples before and after an isothermal 
anneal in an inert gas. The samples were oxidized in pure oxygen 
and annealed in argon at 700°C 


K, for Length of K, for 

first oxi- isothermal second oxi- 
Alloy, dation period, anneal in inert dation period, 

%~Cu-%Zn g?/cm*-min gas, min g?/cm*-min 

70-30 9.1 x 10" 
85-15 1.4 x 10“* 60 1.0 x 10° 
85-15 1.5 x 10** 120 0.5 x 10° 
90-10 3.8 x 10° 120 3.2 x 10° 
95-05 5.0 x 10° 


* The slope at the end of the first oxidation period. 


a measure of the relative amount of zinc oxide 
formed and, hence, a measure of the extent to 
which the displacement reaction [1] occurs. Rhines 
and Nelson (14) have shown that where zinc oxide 
is associated with cuprous oxide on brasses, the 
zine oxide is pink because of the presence of dis- 
solved copper. This provides a means of visually 
identifying the zinc oxide which is formed with 
free copper according to the displacement reaction. 

A 70-30 brass follows the ideal parabolic oxida- 
tion law very closely (see Fig. 4). One would ex- 
pect this agreement because, as indicated in Fig. 1, 
the oxide on a 70-30 brass consists of practically 
pure zinc oxide, with a maximum of approximately 
3% cuprous oxide. X-ray diffraction analysis of the 
oxide from several 70-30 brass samples yielded no 
evidence of the occurrence of cuprous oxide in the 
oxide scale. Therefore, the oxidation rate of these 
brasses is controlled by the diffusion of cations and 
electrons across the relatively impermeable and 
essentially pure layer of zine oxide. 

Brasses containing 85% copper are representa- 
tive of those which exhibit nonparabolic oxidation 
(see Fig. 5). From the graph of (A m/A)?* vs. time, 
it is seen that the value of the reaction rate con- 
stant decreases during the period of continuous 
oxidation. The cross section of this sample, shown 
at the end of the 3-hr oxidation period, in Fig. 6, 
illustrates the reason for this deviation. The dark 
oxide at the oxide-metal interface is actually “pink” 
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Fig. 4. Oxidation rate curve for a 70% Cu-30% Zn alloy 
oxidized in pure oxygen at 700°C. 
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Fig. 5. Oxidation rate curve for an 85% Cu-15% Zn alloy 
oxidized in pure oxygen at 700°C. 


— 85% Cu- 15% Zn 
Alloy 


Fig. 6. Cross section of an oxide scale on an 85% Cu-15% 
Zn alloy oxidized for 200 min in pure oxygen at 700°C. The 
“pink” zinc oxide is shown as the dark oxide layer at the 
metal-oxide interface. 


zine oxide which is being formed by the displace- 


ment reaction during the period of continuous oxi- 
dation. As this layer of zinc oxide increases in 
thickness, the rate constant decreases from its 
initial value for the diffusion of cations across a 
composite oxide layer, toward the value of the re- 
action rate constant across a relatively pure zinc 
oxide layer, as given by the 70-30 brass. 

Figures 7 and 8 show the oxidation curve and 
cross sections of an 85-15 brass which was oxidized 
initially for 90 min, isothermally annealed in 
cleansed argon for 1 hr to allow the displacement 
reaction to occur, and then followed by a second 
period of oxidation. After the 1-hr anneal there is 
a decrease in the slope’ of the rate curve by a fac- 


2 The data were plotted as 
(Am/A)? before + (Am/A)? after = (Am/A)? second 
anneal anneal oxidation period 
The first term in this expression is a constant after the isothermal 
anneal. 
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Fig. 7. Oxidation rate curve of an 85% Cu-15% Zn alloy 


oxidized in pure oxygen at 700°C, interrupted by a 1-hr iso- 
thermal anneal in argon. 


Fig. 8. Cross section of an oxide scale on an 85% Cu-15% 
Zn alloy after a 90-min first oxidation period followed by a 
1-hr isothermal anneal in argon followed by a 60 min second 
oxidation period. (a) the pink zinc oxide layer is thick and 
coherent; (b) the pink zinc oxide structure remained in a dis- 
persed state in a copper-red matrix. 


tor of 14. This is caused by the formation of a much 
thicker layer of zinc oxide during the period in the 
inert gas. Note also from the cross sections of the 
oxide of the same sample that in the regions where 
the zinc oxide layer is thick and coherent, as in 
Fig. 8(a), the total thickness of the oxide is less 
than in those regions where the zinc oxide struc- 
ture remained in a dispersed state, in a copper-red 
matrix, as in Fig. 8(b). This further emphasizes 
the impermeable nature of a coherent envelope of 
zine oxide. The structure shown in Fig. 8(a) repre- 
sents the more typical found in these studies. 

The change in the reaction rate constant under 
similar oxidizing conditions, but after a 2-hr iso- 
thermal annealing period in argon, is shown in 
Table I. Note that after the 2-hr anneal K, drops 
to half the value which was observed after the 1-hr 
annealing period. This difference is to be expected 
inasmuch as the oxidation rate is controlled by the 
thickness of the zinc oxide layer formed by the 
displacement reaction. 

The alloys containing 90% or more copper follow 
closely the parabolic oxidation law under the con- 
ditions of continuous oxidation at 700°C. As pre- 
viously mentioned and as shown in Fig. 1, the ox- 
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Fig. 9. Oxidation rate curve for a 90% Cu-10% Zn alloy 
oxidized in pure oxygen at 700°C, interrupted by a 2-hr 
anneal in argon 


ides 
cuprous oxide and zinc oxide in approximately the 
same ratio as the copper and the zinc concentration 
in the alloy. From Table I it is seen that the value 


formed on these alloys are composed of 


of the rate constant increases as the amount of 
cuprous oxide in the oxide layer increases, and it 
will approach a limiting value as given by the dif- 
fusion of copper ions across a pure cuprous oxide 
layer. 

The oxidation curve for a 90-10 brass, inter- 
rupted by a 2-hr isothermal anneal in argon, is 
shown in Fig. 9. After the displacement reaction 
was allowed to occur, the value of the rate constant 
decreased by a factor of about 11, less than that for 
the oxidation of an 85-15 brass under similar 
conditions, but certainly significantly enough to 
show the occurrence of the reaction. The cross sec- 
tion of this oxide showed particles of zinc oxide 
dispersed in a copper-red matrix. 

Recently Sartell, Bendel, Johnston, and Li (3) 
studied the oxidation of 62% copper-38% nickel 
alloy. They suggested that the formation of a nickel 
oxide phase was due to an inward diffusion of oxy- 
gen. 

Because the displacement reaction was shown to 
occur in the absence of oxygen in copper-zinc al- 
loys, a test was made to determine if this reaction, 
and similar results, could be duplicated for a cop- 
per-nickel alloy. The standard free energy of for- 
mation of nickel oxide is, at 800°C, 10,700 cal/mole 
less than that for cuprous oxide, and the diffusion 
of nickel ions through nickel oxide has been shown 
(15) to be slower than the diffusion of copper ions 
through cuprous oxide. 

A 62% copper-38% nickel alloy was made fol- 
lowing the procedure of Sartell, et al., and the sam- 
ples were prepared and oxidized at 800°C in the 
same manner as that for the copper-zinc samples 
previously discussed, except, because of a smaller 
difference in the standard free energy of formation 
of the two oxides, a 4-hr isothermal anneal in 
argon was utilized. The initial period of oxidation 
was purposely kept short (30 min) in order to re- 
strict virtually all of the displacement reaction to 
the annealing period, in order to emphasize its oc- 
currence more vividly. 

A curve of the oxidation rate and a cross section 
of the oxide before and after the isothermal anneal 
are shown in Fig. 10 and 11. Although the value of 
K, is not constant during the second period of oxi- 
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Fig. 10. Oxidation rate curve for a 62% Cu-38% Ni alloy 
oxidized in pure oxygen at 800°C, interrupted by a 4-hr 
anneal in argon. 


(8) 


Fig. 11. Cross section of an oxide scale on a 62% Cu-38% 
Ni alloy (a) after 30-min oxidation in pure oxygen at 800°C, 
and (b) after 30-min oxidation in pure oxygen followed by a 
4-hr isothermal anneal in argon at 800°C. Note the particles 
of free copper formed as a consequence of the displacement 
reaction. 


dation, but rather tends, ultimately, toward the 
value of K, for the first oxidation period, the fact 
that there is a change in the slope is indicative of 
some change in the oxide structure. In Fig. 11(a), 
the cross section of the oxide at the end of the first 
period of oxidation is seen to consist of three dis- 
tinguishable layers. The outer black layer is a thin 
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film of cupric oxide which forms by the oxidation 
of cuprous oxide. The middie oxide layer is cuprous 
oxide, and the oxide at the metal-oxide scale inter- 
face is a cuprous oxide-nickel oxide layer which 
has a dark orange tint indicating the presence of 
free copper in solution in the oxide. This dark oxide 
layer forms, in a manner analogous to the forma- 
tion of the “pink” oxide layer on the Cu-Zn alloys, 
by the displacement reaction 


Ni (in alloy) + Cu,O = NiO + 2Cu [4] 


which has occurred during continuous oxidation by 
the outward diffusion of cations and electrons. Any 
structural changes which may have occurred in the 
thin cupric oxide layer during this short period of 
oxidation have not been considered. 

The oxide cross section after a 4-hr isothermal 
anneal in argon is shown in Fig. 11(b). Microscopic 
examination reveals numerous areas of free copper 
in a matrix of nickel oxide, both of which were 
formed by the occurrence of the displacement re- 
action to a large extent during the period in the 
inert gas. It is noted that the interface between the 
composite oxide and the cuprous oxide did not 
shift via the displacement reaction during the an- 
neal, and it is believed that because of the porosity 
in the inner layer, the nickel ions were unable to 
migrate to the cuprous oxide layer. The difference 
in specific volumes of cuprous oxide (23.9 cm’/ 
mole) and nickel oxide (9.9 cm’/mole) provides a 
possible explanation for the porosity. 


Summary and Concluding Remarks 

A displacement reaction has been shown to occur 
during the oxidation of alloys in which the values 
of the free energies of formation of the oxides of 
the individual constituents are different. The dis- 
placement reaction was manifested as a change in 
the parabolic reaction rate constant, which was 
shown to decrease as the more impermeable oxide 
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Composition and Thickness Effects on Magnetic Properties of 


layer was formed. It was shown that by interrupt- 
ing the oxidation process and by allowing the dis- 
placement reaction to occur during an isothermal 
annealing in an inert atmosphere the rate of sub- 
sequent oxidation was greatly diminished. 
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Electrodeposited Nickel-lron Thin Films 


Irving W. Wolf 


Electronics Laboratory, General Electric Company, Syracuse, New York 


ABSTRACT 


Thin films of nickel-iron have found use in the fabrication of magnetic 
memories for information storage in computers. These memories have the ad- 


vantage of very high speed switching. Use is made of a magnetic field during 
deposition to align the magnetic axes in the film in one direction so that the 
film exhibits a single “easy” axis of magnetization. Thus an “induced” aniso- 
tropy is established. In this work, effects of thickness (500-6000A) and com- 
position (~60% Ni-100% Ni) on the anisotropy field, Hx, as well as on wall 
coercive force, Hc, and easy direction disturb, He», are presented. Evidence for 
stress interaction with magnetization and some data on substrate roughness 


are given. 


With an increasing demand for higher speed 
memories for computers, there has developed an 
increasing interest in the magnetic thin films of 
iron-nickel codeposits. The first work reported in 


this area, by Blois (1) in 1955, has been followed 
by a large number of investigations of applied and 
basic nature and in the construction of operating 
memories. The work of Blois was concerned with 
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vapor-deposited films, and much of the investiga- 
tive work has concerned itself with such films. 
However, in 1957, magnetic anisotropy in electro- 
deposited nickel-iron films similar to that observed 
in vapor-deposited films was reported (2). Since 
that time, development effort in electrodeposition 
has produced films whose properties are similar to 
those of vapor-deposited films in many ways, but, 
in general, the process has a somewhat higher de- 
gree of reproducibility (3, 4). 

When these iron-nickel films are deposited in a 
magnetic field of sufficient strength, an anisotropy 
is induced in the plane of the film, such that the 
magnetization “prefers” to lie along the axis paral- 
lel to this field. The geometric demagnetizing force 
constrains the magnetization to lie in the plane of 
the film. It will lie in only one of two directions 
unless influenced by outside fields. Thus two stable 
magnetic states are present. These states can be 
designated as 0 and 1 and the film thus used to 
store information. 

It has also been established (5) that the magne- 
tization can be made to switch from one state (di- 
rection along the preferred axis) to the other by a 
“coherent rotation” rather than by the film’s break- 
ing up into a number of domains the way other 
magnetic materials have been observed to behave. 
This “rotation” switching mode is many times 
faster than the “domain wall’’ mode and is thus the 
means whereby fast memory elements can be oper- 
ated. 

Magnetic parameters.—The magnetic properties 
of a film which are of primary interest for magnetic 
memory application are the H,.», easy axis disturb, 
and H,, and the anisotropy field. 

The easy axis disturb, Hep, is measured by ap- 
plying a field along the preferred, also called 
“easy,” axis in the direction opposite to that in 
which the magnetization lies. When the field be- 
comes sufficiently large, disturbance of the magne- 
tization in the film will occur, so that small domains 
will form in which the magnetization is in the di- 
rection of the applied field. Thus the beginning of 
domain wall switching will have occurred. When 
this field is increased to the point where half the 
film has switched the value of the field at this point 
is called the coercive force, He. 

If, however, a field is applied perpendicular to 
the preferred axis, a rotation of the magnetization 
as a whole will occur. This rotation is, ideally, re- 
versible, and the angle of magnetization from its 
rest position will increase with increasing applied 
field until this angle, ideally, reaches 90°. At this 
field intensity, called the anisotropy field, H,, the 
magnetization lies in the direction of the applied 
field and will remain so until the applied field is 
once again reduced. 


Measurements 

In this work values of the parameters He», He, 
and H,, the easy axis disturb, the coercive force, 
and the anisotropy field, respectively, were meas- 
ured for samples of electrodeposited films of vari- 
ous Ni to Fe ratios and of varying thicknesses by 
hysteresigraph techniques. (Note: This method of 
measuring H, does not necessarily yield the same 
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results as those obtained from the more physically 
meaningful torque data.) The samples, all % in. 
square, were deposited on a gold substrate which 
had been sputtered on a glass base (Corning No. 1 
microscope cover slide, 0.007 in. thick). The meas- 
urements are made with a hysteresigraph at 1 kc. 
The preparation and measurement procedures have 
been described in earlier reports (2, 6, 7). 

In order to vary the Ni to Fe ratio in the plate, 
the ratio of the two ions in the bath (sulfate- 
chloride type) was varied. 

The plate composition vs. bath composition char- 
acteristic was determined by examining plates 
from various baths by means of x-ray fluorescence 
from the plates. The relative strength of the K, 
lines of iron and nickel were related to their rela- 
tive concentrations and, using this relationship, 
samples were analyzed.’ 

A plot of % Ni in the plate vs. g/l of Fe’ in the 
solution (61.5 g/l Ni™*) is given in Fig. 1 for 1000A 
thick samples. 

Thickness measurements were not made for in- 
dividual samples, but an assumption of a constant 
plating current efficiency was used over the entire 
range of composition. As a justification for this as- 
sumption, it might be pointed out that the meas- 
ured saturation magnetizations were within experi- 
mental error of expected values. However, precise 
measurements were not made of individual sample 
areas and, as a result, random thickness variations 
of up to 10% could be expected. 

The possibility of ion depletion during deposition 
causing a varying iron-nickel ratio as plating pro- 
gresses was examined by testing film composition as 
a function of thickness. The films were examined 
by x-ray fluorescence as mentioned above.’ Results 
for three compositions 93%, 82%, and 63% Ni in- 
dicated no variation for the first two within experi- 
mental error (1%) but a gradual increase of sev- 
eral per cent for Ni for the latter from 500 to 


‘In this work, the Ka ratios of salts prepared by dissolving the 
films were compared with those of salts of known Ni to Fe ratios. 


2 Both films and dissolved-film salts were analyzed. 
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Fig. 1. Plate composition vs. Fe content of plating solution 
for 1000A samples. 
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Composition 
wt % Fe 


2.3 
3.0 2.2 
17 2.8 2.0 
20 3.4 1.7 
23 3.4 17 
3.1 1.9 
28 4.7 1.6 
6.0 1.6 
35 7.6 2.6 
7.5 2.5 
7.0 2.0 

6.0 


53 
66 


5000A. The results reported in the tables are not 
corrected for this variation since it occurs in the 
Fe rich region where the variation of magnetic 
properties with composition are slow and since the 
effect is relatively small. 


Results 

In general square hysteresis loops were obtained 
for samples measured in the preferred direction for 
all compositions when the thickness of the sample 
was 1000A or less. The linearity or reversibility of 
the transverse “loop” did vary with composition for 
the range of compositions exceeding ~ 82% nickel, 
(zero magnetostriction) becoming less linear as the 
nickel content increased up to 90-95% but more 
linear as pure nickel was approached. This varia- 
tion did not occur with the “iron rich” samples, less 
than ~ 82% nickel. 

Typical hysteresigrams are given in Fig. 2 for 
1000A thick samples of the compositions 47, 83, and 
100% Ni. The extent of linearity in the transverse 
direction is not shown because, in order to stand- 
ardize the procedure for H, measurement, a low 
drive had to be used. 

As the film became thicker, the loops in the pre- 
ferred direction became less square, the degree of 


Fig. 2. Typical hysteresis loops for 1000A samples: (left) 
100% Ni, H = 26.8 oe; (center) 83% Ni, H = 3.4 oe; 
(right) 47% Ni, H = 3.8 oe. 
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Table |. Easy axis disturb, Hcp in oersteds vs. composition and thickness 


3000A 4000A 


this “shearing” varying with composition. 

Tables I, II, and III contain the Hep, He, and Hy, 
data for samples of the various compositions (47- 
100% Ni) thicknesses (500-6000A). An indication 
of loop “shearing” can be obtained by taking the 
ratio He»/He for any desired sample, since the Hep 
is approximately the abscissa value for the knee of 
the loop. 

Discussion 

Calculations (8) and observations (9, 10) of the 
effect of thickness on He, reported in the literature 
led to an expectancy of a logarithmic relationship 
of the form, H, = At’, for the case of permalloy 
composition near zero magnetostriction (approxi- 
mately 82%). In this equation, A and B are con- 
stants and t the film thickness. Lloyd and Smith 
(8) reported a dependency of A on the substrate 
roughness and B with plating conditions (and pre- 
sumably composition). 

That B varies with composition for a given sub- 
strate and plating condition can be seen in Fig. 3 
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Fig. 3. Coercive force vs. thickness 
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Table II. Easy axis coercive force, H., in oersteds vs. composition and thickness 
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ae 500A 1000A 1500A 2000A 3000A 4000A 5000A 6000A 
Composition 
wt % Fe 
0 22 25 24.8 23 27 23 27 
22 21 
22 21 
5 6.5 8.0 10.2 10.1 13.3 14.5 13.9 
6.5 8.6 
9 4.9 5.3 6.2 6.7 7.1 8.2 8.6 12.6 
12 3.4 3.7 3.6 3.8 4.1 6.1 6.0 10.5 
3.5 3.7 3.7 5.3 9.8 
13.5 4.9 3.4 3.7 
4.2 3.9 
15 4.1 3.0 2.7 2.4 2.1 2.0 2.0 2.8 
3.4 3.3 2.7 2.5 3.0 
17 3.5 2.9 2.4 2.0 1.7 1.6 12 3.6 
20 4.3 2.2 1.6 1.3 0.9 0.7 0.5 
23 5.0 2.5 1.6 1.4 0.9 0.7 0.6 
4.6 2.7 
28 9.9 3.0 2.0 1.6 1.0 0.9 0.7 
11 3.0 
35 11.2 3.8 2.9 1.8 1.3 1.0 1.1 
11.6 3.7 3.3 
11.7 4.2 3.3 
11.6 3.4 
53 12.0 3.5 2.7 1.9 1.5 
10.0 3.0 2.7 
66 9.0 
Table I11. Anisotropy field, Hx, in oersteds vs. composition and thickness 
Thick- 
ness 500A 1000A 1500A 2000A 3000A 4000A 5000A 6000A 
Composition 
wt % Fe 
0 42 41 42.5 41.5 
40 38 
40 40 
5 7.7 9.8 14.3 19.3 29 41 34.5 
8.0 10.5 
9 5.3 5.4 6.9 9.3 9.9 15.1 19.8 28 
8.4 
12 3.9 3.8 4.1 4.0 4.6 8.0 9.0 23 
3.5 3.7 4.0 7.7 19 
13.5 4.2 4.1 3.7 
4.0 4.0 
15 4.0 3.8 3.8 3.7 3.8 3.8 3.6 5.4 
3.8 3.9 3.9 3.7 6.4 
17 4.3 4.0 3.8 3.9 3.7 3.7 3.3 8.0 
20 5.1 3.8 3.7 3.8 3.9 3.6 5.4 
23 4.6 43 4.0 4.4 4.1 4.0 4.0 
4.7 4.1 
28 7.9 5.7 5.0 5.6 5.0 5.0 5.0 
7.4 6.3 
35 10.3 7.0 7.6 6.2 6.3 5.4 5.7 
10.5 
9.0 7.7 
10.6 78 
53 10.0 9.0 10.0 10.4 
9.3 8.2 
66 7.5 


where H, vs. t is plotted at three different compo- 
sitions. The value actually undergoes a sign change 
in the nickel rich region. A similar behavior of He» 
vs. thickness is shown in Fig. 4. However, for the 
latter case a break in the lines in the high 80% 
composition range is noted. This break occurs at 
about 2000A for the 88% Ni films and may simply 
be due to the onset of loop “shearing” due to geo- 
metric demagnitizing influences (samples are %4 in. 


squares) which is more evident when the other 
effects are small (B = 0.04). 

As a parallel to the relationship for H., a like 
relationship is apparent for He», i.e., Hep = Ct”. 

Plots of the exponents B and D are given in Fig. 
5. The dependency of B and D on composition and 
especially the radical changes that occur for the 
values in the neighborhood of zero magnetostriction 
point strongly to a stress dependent effect influenc- 
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Fig. 4. Easy axis disturb field vs. thickness 
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Fig. 5. Exponent B and D vs. He = Ae™ 


respectively. 


and Hen = 


ing wall motion. Such an effect is in keeping with 
the mechanism described by Smith (10). 

The value of B at 80% Ni composition can be 
interpolated as approximately 0.55. In view of the 
steepness of the curve at this point combined with 
the uncertainty of exact composition there is rea- 
sonable agreement with the value of 0.75 reported 
by Lloyd and Smith (8). The substrates were, of 
course, smoother than those used by Lloyd and 
Smith and, as a result, their value of A was higher. 

An indication of the behavior of the values H, 
and H,» as functions of composition for one thick- 
ness are given in Fig. 6, where the values are plot- 
ted for 1000A thickness. Although the exact curve 
shape changed with the thickness parameter, the 
general nature and in particular the approximate 
location of the flat minimum was similar for all 
thicknesses. This, of course, also points to the role 
of stresses in affecting H, and H,» values. 

An unexpected but meaningful result was the 
observation of a dependence of H, on thickness. 
This dependence is shown in Fig. 7 where H, is 
plotted against thickness for three compositions. 

It can be seen from Fig. 7 that the dependence of 
H, on thickness cannot be formulated simply. How- 
: ever, the H, does increase with thickness for nickel 

rich films (above 82% Ni) and decreases with 
thickness for iron rich films. The effect is smallest 
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in the vicinity of zero magnetostriction. Thus a 
very strong argument for invoking an anisotropic 
stress mechanism in formulating a hypothesis for 
the anisotropy of these films has been presented. 
Such a mechanism has been proposed by Smith 
(11) which he has suggested as an effect which can 
be superimposed on the short range ordering effect. 
An additional indication is the composition depen- 
dence of H, itself shown in Fig. 8 for 1000A films. 
The minimum of H, in the zero magnetostriction 
composition range is shown clearly. 


Fig. 6. He, Hen vs. % Ni (1000A thickness) 
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Fig. 7. Anisotropy field, Hx, vs. thickness 
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Fig. 8. Anisotropy field, Hx, vs. % Ni 
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Summary 

Data for He, Hen, and H, for electrodeposited Ni- 
Fe films of thickness in the range 500-6000A and 
for compositions above 47% Ni are given. These 
films were deposited on a very smooth substrate so 
that roughness effects were minimized. Analysis of 
the data strongly indicates a role of stress affecting 
both rotational and wall motion of magnetization. 
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ABSTRACT 


Various metals and alloys including In, In-Cd, In-Sn, In-Ga, Sn-Cd, and 
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Sn-Zn are used in the fabrication of electrochemical transistors (SBT, MAT, 
MADT, SAT). These and metals and alloys such as Sn, Sn-Pb, Pb-Cd, Pb-Sb, 
and Cd-Zn have been electrodeposited in molten form on small wires and 
strips from glycerine solutions of metal halides. In contrast to conventional 
processes for electrodeposition of solid metals, deposition of molten metals can 
be very rapid since high current densities can be employed. Moreover it has 
been possible, at these high current densities, to deposit binary (or ternary) 
alloys of metals separated by over 0.6 v in the acidic electromotive series of the 


elements. 


Recently techniques have been developed for ex- 
tremely rapid electrodeposition of molten metals 
and alloys on the ends of small wires or strips. 
Various metals and alloys with liquidus tempera- 
tures up to about 270°C have been electrodeposited 
from plating solutions consisting of chloride or 
other halide salts dissolved in high-boiling, polar 
organic solvents such as glycerol (1-3). Metals 
and alloys which have been electrodeposited in 
molten form are smooth, dense, and nonporous, and 
are free of occlusions or nonmetallic plating bath 
constituents (4). 

Since the plating solutions, which are acidic, 
have a fluxing action, the molten metals or alloys 
have a high surface tension which tends to mini- 
mize their surface area and influence their location. 
On wires held vertically during plating the molten 


deposit forms an ellipsoidal bead of metal or alloy ~ 


at the end of the wire. The plating solutions are 
also effecti\ e fluxes for the base metal to be plated, 


for example, a nickel whisker wire, and thus result 
in good wetting of the wire by the molten deposit. 

Transistor fabrication.—The technique of elec- 
trodepositing molten metals and alloys from glyc- 
erine solutions is particularly useful in production 
of uniform, high-reliability semiconductor devices, 
especially high-frequency transistors such as SBT, 
MAT, MADT, SAT. The electrode diameters of such 
transistors are very small, on the order of 0.1-0.2 
mm. Consequently the weight of alloy used in fab- 
rication of each electrode is frequently on the order 
of 10 wg. By electrodepositing a bead of the desired 
weight and alloy composition on the end of a fine 
wire, it is possible to handle readily extremely 
small alloy pellets on high-speed, automated equip- 
ment. In a subsequent operation to wire plating, 
the pellet is alloyed to an electrode dot of a micro- 
alloyed transistor (MAT or MADT). The coating 
of solution which remains on the electrodeposited 
bead of alloy as the plated whisker is withdrawn 
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from the plating solution serves as an effective flux 
during the simultaneous alloying and lead attach- 
ment operation. 

Generally only a few seconds plating time is re- 
quired to obtain the desired size of molten metal or 
alloy bead. Size is readily controlled by varying 
plating time, or in some cases, applied voltage. A 
typical micro-alloy pellet would be an ellipsoidal 
bead about 0.1 mm in diameter and 0.2 mm long 
deposited at the end of 0.05-mm nickel whisker 
wire. Approximately 2 sec is required to deposit 
a bead of In-Cd eutectic alloy having these dimen- 
sions. 

Electrodeposition of molten metals and alloys.— 
Because such molten deposits are characterized 
only by composition and temperature, plating qual- 
ity is unaffected by many of the variables which 
must be controlled carefully in conventional aque- 
ous electroplating processes. Limiting current 
density, for example, is not limited by plating 
quality as with aqueous plating solutions where 
dendritic growths are formed at higher current 
densities. For this reason, extremely high current 
densities, on the order of 20 to 50 amp/cm’, are 
frequently employed (3). Such current densities 
are considerably higher than those used in other 
commercial electrolytic processes (5) (metals are 
electrodeposited from aqueous solutions at current 
densities up to about 0.5 amp/cm’; the cryolyte 
process for electrodeposition of aluminum employs 
current densities of about 1.5 amp/cm’). 

Three benefits result from the use of extremely 
high current densities. (A) Metals widely sepa- 
rated in the electromotive series of the elements 
can be readily codeposited. For example, indium 
(E*° = —0.34 v) and tin, which is considerably more 
noble (E° = —0.14 v) than indium in the acidic 
electromotive series of the elements, are readily 
codeposited in approximately equal amounts. (B) 
Electrodeposition can be extremely rapid. It is pos- 
sible to electrodeposit molten indium metal or in- 
dium alloys on a cathode surface at a rate on the 
order of several mm/min. (C) Local heating at the 
cathode during electrodeposition enables molten 
metals or alloys to be deposited from a bath oper- 
ated at a temperature considerably lower than the 
liquidus temperature of the electrodeposited solder. 
For example, In-Cd alloy can be electrodeposited 
on 0.05-mm (2-mil) nickel wire immersed in a 
solution operated at about 70°C using 18 v for 
electrolysis. In this case the temperature at the 
cathode rose more than 50°C above the operating 
temperature of the bath (3). 

The principle of employing local heating at the 
cathode so that the solution can be operated at a 
temperature considerably below the liquidus tem- 
perature of the electrodeposited metal or alloy is 
of interest in applications where long plating bath 
life or minimum fuming is desired. 

Molten metals and alloys having liquidus tem- 
peratures up to about 270°C have been electro- 
deposited from glycerine solutions. Solutions for 
deposition of In, Sn, Bi, and alloys of In, Sn, Bi, TI, 
Cd, and Pb have been developed. The In-Cd, In-Sn, 
In-Ag, Sn-Cd, Sn-Zn, Sn-Pb, Pb-Cd, and Pb-Sb 
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plating solutions are intended to deposit alloys of 
approximately eutectic composition. The composi- 
tion of the eutectic alloys (in percent by weight) 
and the melting point of the eutectics are (7): 
75In-25Cd, 123°C; 52In-48Sn, 117°C; 97In-3Ag, 
141°C; 68Sn-32Cd, 177°C; 91Sn-9Zn, 198°C; 63Sn- 
37Pb, 183°C; 83Pb-17Cd, 248°C; 89Pb-11Sb, 252°C; 
83T1-17Cd, 204°C; 83Cd-17Zn, 266°C; 60Bi-40Cd, 
144°C. Pure indium, tin, and bismuth have melting 
points of 156°, 232°, and 271°C, respectively. The 
In-Ga plating solution was developed to plate in- 
dium containing about 0.5% Ga by weight. If duc- 
tile and malleable In-Ga alloys are desired, the 
solid solubility of Ga in In (about 0.75% Ga by 
weight) cannot be exceeded. 


Experimental Results 

Solution preparation.—Materials used in the 
preparation of baths for electrodeposition of low 
melting metals and solders are: glycerine, sp gr 1.25, 
minimum assay 95%; indium trichloride (InC\l,), 
anhydrous, fine powder; cadmium chloride (CdCl.), 
anhydrous, powder, minimum assay 99%; zinc 
chloride (ZnCl,), minimum assay 95%; ammonium 
chloride (NH,Cl), granular; lead chloride (PbCl.), 
anhydrous; silver chloride (AgCl); ammonium 
bromide (NH,Br), granular; lead bromide (PbBr.), 
anhydrous; cadmium bromide (CdBr.), anhydrous; 
antimony trioxide (Sb.0,); ammonium chlorogal- 
late, anhydrous; and stannous chloride (SnCl.), 
anhydrous. Preparation and properties of ammo- 
nium chlorogallate (NH,GaCl,) have been described 
by Friedman and Taube (9). A homogeneous mix- 
ture of NH,GaCl, and NH,Cl having an assay of 
60% as GaCl, (23.8% as Ga metal) is available 
commercially. Anhydrous’ gallium _ trichloride 
(GaCl,) may also be used, although it is consider- 
ably more hygroscopic than ammonium chlorogal- 
late and thus is less convenient to handle. 

Stannous chloride (SnCl.), anhydrous, is avail- 
able commercially. Anhydrous stannous chloride 
has also been prepared by heating stannous chlo- 
ride dihydrate (SnCl,-2H.O) in a stream of hydro- 
gen chloride gas. 

All plating solutions were prepared by stirring 
the constituents at room temperature for % hr and 
then heating the resulting mixture, with constant 
stirring, at 140°C for 10 min to form a clear solu- 
tion. Solutions used to deposit alloys with liquidus 
temperatures of 140°-200°C were subsequently 
heated to 160°C for 5 min; those for alloys with 
liquidus temperatures over 200°C were heated to 
200°C for a few minutes to expel any excess water 
which might be present. 

Electrodeposition of various solders.—Table I 
lists bath composition and operating conditions for 
electrodeposition of various metals and alloys on 
0.05-mm (2-mil) nickel wire immersed 0.03-0.05 
mm below the plane of the surface of the plating 
solution. In all cases a carbon anode was used. 

As the operating temperatures and melting points 
in Table I indicate, it is not necessary for the oper- 
ating temperature of the plating solution to be as 
high as the liquidus temperature of the metal or 
alloy being deposited. The use of very high cathodic 
current densities results in considerable local IR 
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Table |. Bath compositions and operating conditions for electrodeposition of various metals and alloys 
on 0.05-mm nickel wire immersed 0.03-0.05 mm below the surface of the plating solution 


Operating 


Metal or alloy 
electrodeposited 


Solution composition, “% 


temp. of 
by weight of constituents 


Indium 80 glycerine, 12 InCl, 8 160 
NH.Cl 

Indium-cadmium 81.7 glycerine, 6.0 InCh, 140 
1.7 CdCl, 10.6 NH,Cl 

Indium-gallium 80.3 glycerine, 11.2 InClh, 140 
0.5 NH,GaCl,, 8.0 NH,Cl 

Indium-tin 80 glycerine, 10 InCl, 2 140 
SnCl., 8 NH,Cl 

Indium-silver Solution containing 80 140 
glycerine, 12 InCh, 8 
NH.Cl, and saturated at 
140°C with AgCl 

Tin 80 glycerine, 12 SnCh, 8 180 
NH.Cl 

Tin-cadmium 81.6 glycerine, 6.0 SnChk, 160 
4.2 CdCh, 8.2 NH.Cl 

Tin-zine 73.2 glycerine, 16.1 SnCh, 155 
3.4 ZnCl, 7.3 NH.Cl 

Tin-lead 73 glycerine, 11 SnCh, 8.7 180 
PbChk, 7.3 NH,Cl 

Lead-cadmium 89.7 glycerine, 9 NH,Cl, 140 
1 PbBr., 0.3 CdBr. 

Lead-antimony 91 glycerine, 8 NH,.Br, 160 


0.9 PbBr:., 0.1 Sb.O, 


heating in the vicinity of the cathode. When local 
heating is used, current density must be such that 
the temperature of the immersed surfaces of the 
cathode during electrolysis is above the liquidus 
temperature of the electrodeposited metal or alloy. 
If insufficient current density is used with a low 
bath operating temperature, dendritic growths or 
slushy plating forms at the cathode. 

Under the conditions described in Table I, mol- 
ten metals or alloys were plated with each solution. 
Because the surface area of the molten deposits in- 
creased rapidly during electrodeposition, sometimes 
by an order of magnitude, whiskers were plated 
using constant applied voltage, and plating condi- 
tions are described in terms of voltage applied be- 
tween the cathode and a carbon anode rather than 
in terms of current density. At a constant applied 
voltage, total current drawn increases roughly at 
the same rate as the surface area of the molten 
deposit; thus, applying a constant voltage results 
more nearly in a condition of constant current den- 
sity than would passing of a constant current dur- 
ing electrolysis. 

In all experiments an inert carbon anode (spec- 
troscopic graphite) was used. The anodes had an 
area sufficiently large that no appreciable polariza- 
tion or local heating occurred at the anode during 
electrolysis. 

Figure 1 shows a 0.05-mm nickel whisker on 
which a molten alloy was electrodeposited using 
one of the plating solutions listed in Table I. Figure 
2 is a cross section of a plated whisker. 

Wires ranging from 0.01 mm up to about 5 mm 
have been plated successfully with molten metal. 


solution, °C anode 


Melting point 


Applied of eutectic 
voltage, Approx. composition Eutectic alloy (7) 
carbon of the electrodeposited composition, 


(or of metal), 


alloy, % by weight % by weight (7) 


(In) 156 


18 100% In 

24 In with 20 to 30% 75 In-25 Cd 123 
Cd 

15 In with about 0.5% — _— 
Ga 

18 In with 40 to 60% 52 In-48 Sn 117 
Sn 

18 In with on the or- 97 In-3 Ag 141 
der of 3% Ag 

21 100% Sn (Sn) 232 

22 Sn with 30 to 40% 68 Sn-32 Cd 177 
Cd 

18 Sn with about 10% 91 Sn-9 Zn 198 
Zn 

18 Sn with on the or- 63 Sn-37 Pb 183 
der of 40% Pb 

23 Pb with on the or- 83 Pb-17 Cd 248 
der of 20% Cd 

45 Pb with on the or- 89 Pb-11 Sb 252 


der of 10% Sb 


Fig. 1. Bead of In-Sn alloy electrodeposited in molten form 
on nickel wire. 


Fig. 2. Cross section of a plated whisker 
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Small parts such as strips, rods, or disks have also 
been plated with good results. The maximum size 
of metal droplet which can be electrodeposited on 
a wire or strip is determined by the density and 
surface tension of the molten metal or alloy. On 
0.05-mm nickel wire maximum diameter for In-Sn 
alloy beads was about 0.5 mm. On large wires or 
rods, deposits can be obtained which are consider- 
ably thicker than can be obtained by a dip “tinning” 
operation, although the maximum over-all diam- 
eter may be only slightly larger than that of the 
original part. 

Bath compositions, which were established em- 
pirically, generally result in the alloy composition 
listed only under the conditions described. How- 
ever, it is relatively easy to determine the solution 
composition for electrodeposition of a desired 
binary alloy under a given set of plating conditions. 
If the binary system forms a eutectic, the required 
solution composition can be estimated from a plot 
of plating solution composition (moles of meta] A/ 
moles of metals A + B) vs. solidus and liquidus 
temperatures of the resultant alloys and considera- 
tion of the binary equilibrium diagram. This tech- 
nique was used to estimate the composition of 
binary alloy systems for which a eutectic exists. 

Alloy compositions were also determined by 
spectrographic techniques (10, 11). The composi- 
tions listed were generally determined at least 
three times with groups of 20 or more whiskers. 

Ammonium chloride is added to lower the elec- 
trical resistivity of the plating solutions apprecia- 
bly. In some cases the NH,C1 also makes the solu- 
tion a more effective flux for the base metal to be 
plated and for the molten alloy. Zine chloride- 
containing solutions are particularly good fluxes 
with or without ammonium chloride. 

The plating operation itself results in consider- 
able stirring action at the cathode because (a) 
plating solution partially depleted of metal ions is 
less dense, (b) local heating causes convection cur- 
rents, and (c) hydrogen evolution causes forrna- 
tion of a stream of small bubbles which rise and 
move away from the cathode, sweeping solution 
along with them. In some applications, however, 
mechanical agitation or stirring is beneficial in 
assuring reproducible size and shape of plated beads. 

In some cases a small amount of compatible sur- 
factant, for example 0.05% by weight of dodecyl 
benzene sodium sulfonate, is added to plating solu- 
tions to lower surface tension. The lower surface 
tension, by making the bubbles evolved at the cath- 
ode smaller, results in steadier plating currents and 
thus more reproducible plating rates. 

After plating, the metal or alloy is rinsed with a 
dilute acetic acid or dilute hydrochloric acid solu- 
tion. The solution must be acidic to prevent hy- 
drolysis of metal salts with resultant formation of 
insoluble basic salts. 

The influence of applied voltage on plating re- 
sults can be illustrated by describing results ob- 
tained with the In-Ga plating solution listed in 
Table I, operated at 140°C. With 2 v applied be- 
tween the 0.05-mm Ni cathode and a carbon anode, 
dendrites of solid indium are deposited at the 
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cathode. With 8 v applied, a molten deposit is 
obtained; Ga content of the deposit is considerably 
less than the 0.5% which is obtained with an ap- 
plied voltage of 15. Further increase in applied 
voltage beyond about 15 again results in lowering 
of the Ga content of the electrodeposited alloy. 
With 25 v applied, Ga content is significantly lower 
than with 15 v applied. Voltages much in excess of 
30 can result in intermittent arcing. The In-Ga 
plating solution has a specific conductivity on the 
order of 0.0003 mho/cm at 25°C and about 0.03 
mho/cm at 140°C. Solutions of lower conductivity 
begin to arc at higher voltages. 

Cathode current efficiency of the In-Cd plating 
solution is roughly 20% (3). Current efficiency, 
and thus plating rate, is greater with tin plating 
solutions than with similar indium plating solutions. 

Other plating solutions.—The list of metals and 
alloys which can be electrodeposited in molten 
form is by no means limited to those listed in Table 
I. Additional alloys which have been deposited in 
molten form from glycerine solutions include In- 
Cd-Ge, Tl-Cd, Cd-Zn, In-Sn-Ga, Sn-Ga, Sn-Cd- 
Ga, Sn-Cd-Zn-Ga, Bi-Cd, In-As, In-Sb, and others. 

Chlorides are generally used in solution prepara- 
tion, particularly because of the better availability 
of anhydrous chloride salts. Molten plating has also 
been obtained using halides other than chlorides, 
and occasionally those halides offer significant ad- 
vantages over chlorides. Bromides, for example, 
are sometimes more soluble than the corresponding 
metal chlorides. In a few cases bromides, (or iodides) 
may be preferable because they are less volatile 
than chlorides. For example, if a Sn-Pb solder con- 
taining a few per cent arsenic were desired, the 
volatility of AsCl, (bp 130°C) would make a bro- 
mide-containing solution a more likely choice 
(AsBr, boils at 221°C). 

Anode reactions may also change with change in 
the nature of the anion. With the glycerine solution 
containing InCl, and NH,Cl, chlorine and oxygen 
are evolved at the anode, although the chlorine 
reacts to some extent with the solvent rather than 
being evolved as a gas. With bromides and iodides, 
more evolution of elemental halide occurs at the 
anode at a given electrolysis current. With the 
glycerine solution containing SnCl, and NH,Cl, 
oxidation of the divalent tin to SnCl,° occurs at the 
anode. The presence of appreciable amounts of 
SnCl, in a plating solution results in lowered cath- 
ode current efficiency. 

In many cases the metal may exist in solution as 
an anionic chloride complex, such as the chlorogal- 
late ion (GaCl,). Use of a halide other than chlo- 
ride would, in those cases, result in a change in the 
strength of the complex formation, and thus would 
result in a change in the current efficiency, or, with 
alloys, in the composition of the electrodeposited 
solder. 

Occasionally volatilization of a higher valent 
metal chloride such as SnCl, might occur at the 
anode. 

Conclusions and Discussion 

Water content.—The term glycerine (rather than 

glycerol or 1,2,3-butanetriol) has been used 
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throughout this report since the plating solutions 
described normally contain a few per cent water. 
The glycerine used to prepare the solutions contains 
up to 5% water by weight; the salts used contain 
small amounts of water and absorb additional 
moisture during weighing and handling. Some 
water is lost during solution preparation. The re- 
sidual moisture content is less in those solutions 
held at the highest temperatures during solution 
preparation. Generally the plating solutions are 
used under conditions where considerable volumes 
of room air pass over the surfaces of the solution. 
Thus it can be assumed that, at least after several 
hours at operating temperature, the heated plating 
solution has approached equilibrium with the room 
air in terms of water content. 

Change in water content of glycerine solutions 
can cause a very profound change in the physical 
properties of the solutions. At room temperature 
the viscosity of glycerine containing 5% water (by 
weight) is only about one-third of that of pure 
glycerol. With the glycerine plating solutions de- 
scribed in Table I, viscosity is greatly dependent 
on water content. Similarly, because of reduced 
mobility of ions in more viscous solutions, electri- 
cal conductivity at room temperature is very de- 
pendent on water content of the solutions. At higher 
temperatures variation in the amount of water 
present in a glycerine plating solution has less in- 
fluence on the viscosity of the solution. Moreover, 
the maximum amount of water which can be pres- 
ent in a glycerine solution decreases with increase 
in temperature. Therefore higher operating tem- 
peratures make the plating solutions less suscepti- 
ble to the influence of variations in water content. 

Alloy composition—In most of the glycerine 
solutions for electrodeposition of molten alloys, 
several competing mechanisms occur at the cathode 
during electrolysis. Ordinarily, increase in current 
density in an alloy plating bath tends to increase 
the relative concentration of the less noble metal 
in the electrodeposited alloy. Thus increase in the 
voltage applied to these glycerine solutions, with 
resulting increase in the current density, ordinarily 
would be expected to increase the concentration of 
the less noble metal in the electrodeposited alloy. 
However, the very high current densities used 
during electrodeposition of molten alloys result in 
considerable local heating at the cathode. This local 
cathodic heating results in appreciable decrease in 
the viscosity of the plating solution in the vicinity 
of the cathode. [At 140°C, the viscosity of glycerol 
decreases roughly 2%/°C (12)]. Decrease in vis- 
cosity, which decreases polarization, favors plating 
of the more noble metal (13) since local depletion 
of the more noble metal ions is less likely to occur. 
Moreover, convection currents arising at the cath- 
ode as a result of local heating with accompanying 
decrease in solution density, and supplemented by 
bubbles of hydrogen evolved at the cathode and by 
decrease in density because of locally decreased 
metal ion concentration, tend to favor electrodepo- 
sition of the more noble metal (13). 

Viscosity effects are particularly important with 
solutions where the minor constituent of the de- 
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sired binary alloy is the less noble metal. With the 
solution for plating In-0.5% Ga alloy, for example, 
where E’ = —0.34 v for In and E* = —0.52 v for 
Ga, changes in the viscosity of the solution result 
in changes in the polarization curve of In and thus 
can cause considerable change in the percentage of 
the total cathodic current which results in reduc- 
tion of Ga ions to Ga metal. On the other hand, 
with a solution for deposition of Sn-5% Ag, where 
the major constituent of the alloy is the less noble 
metal, alloy composition would be expected to be 
influenced less by viscosity changes. 

For most glycerol solutions for alloy plating, the 
effects of these two competing factors are not equal 
in magnitude, and thus the net result of changes in 
applied voltage is a change in alloy composition. 
With several solutions, such as the In-Ga plating 
solution operated at 20 v, increase in applied volt- 
age results in decrease in the concentration of the 
less noble metal in the electrodeposited alloy. How- 
ever, direction of change is not readily predicted 
and depends on the exact nature of plating condi- 
tions. Because the effects are opposite in direction, 
alloys having a composition within a desired range 
can be obtained using a relatively wide range of 
applied voltages, and thus magnitude of applied 
voltage is not particularly critical. 

Bath life-——Bath life of glycerine solutions simi- 
lar to those listed in Table I has been discussed by 
Certa et al. (3). The solutions described are stable 
for years at room temperature. In the absence of 
operating conditions in which depletion of one or 
more metal ion concentrations becomes significant, 
the principal limitation on bath life is increase in 
plating solution viscosity with time at operating 
temperature. The increased viscosity results in 
lower plating rates (at a constant applied voltage), 
and eventually results in significantly lower plating 
rates and/or erratic plating rates. Increased vis- 
cosity has been attributed to evaporation of gly- 
cerine and to condensation polymerization of glyc- 
erol to form polyglycerides (3). 


Conclusions 


The electrodeposition of molten metals and al- 
loys from glycerine is an extremely versatile tech- 
nique. Molten In, Sn, and Bi have been deposited in 
pure form, and alloys having In, Sn, Bi, Cd, Tl, or 
Pb as a principal constituent have been electro- 
deposited in molten form. Substantial percentages 
of Ag, Zn, Ga, Ge, As, or Sb have been codeposited 
with one or more of the above metals or alloy sys- 
tems. Glycerine is a suitable solvent for baths for 
metals and alloys having liquidus temperatures up 
to about 270°C (the boiling point of glycerol is 
290°C). Fused-salt systems have been developed 
for operation at temperatures above 200°C (4). 

Metals separated by over 0.6 v in the electro- 
motive series, such as Sn and Zn, have been code- 
posited without use of a complexing agent (E° = 
—0.76 v for Zn and —0.14 v for Sn). 

Several of the alloys described above are used in 
the fabrication of electrochemical type semicon- 
ductor devices, including Surface Barrier Transis- 
tors (SBT) (14-16), Micro Alloy Transistors (MAT) 
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The Shape of Melt-Crystal Interfaces 
During Float Zoning of Silicon 


Juergen H. Braun and Remo A. Pellin' 
Pigments Department, E. I. du Pont de Nemours & Company, Inc., Wilmington, Delaware 


ABSTRACT 


The thermal environment of the interface of growth of a silicon crystal 
during float zoning is described. Depending on operating conditions, the inter- 
face between the melt and the growing crystal can be convex, near flat, or con- 
cave. The shape of the interface was made visible by slot doping of n-type 
silicon with an excess of boron dope to give a p-n junction between n-type 
crystal and p-type melt. This junction, outlining an interface, was decorated 
with a staining etchant. 


Structural defects are generated in crystals grown of which one coincides with the interface, causes a 
from the melt by a mechanism which comes into play cold, peripheral annulus to contract over a hot, ex- 
if the interface between the growing crystal and the panded core, or vice versa, depending on whether 
melt is curved. Curvature of the isothermal surfaces, the growing crystal is convex or concave. In either 
case, thermal stresses result and, according to Billig 
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(1), Bennett and Sawyer (2), Dorendorf (3), and 
Lederhandler (4), relieve themselves into disloca- 
tions. 

Shapes of the growing interface of silicon crystals 
in contact with the melt have been studied for the 
Czochralski process and were observed to be convex, 
as well as flat and concave. Tanenbaum et al. (5) and 
Billig (1) have observed traces of growing interfaces 
made visible as p-n junctions; Edwards (6) has de- 
scribed composition striations which follow the shape 
of the interface. Mullin (7) made pertinent obser- 
vations of interfaces during the growth of indium 
antimonide crystals using tracer techniques. 

A correlation between features of the interface and 
its thermal environment has been described for den- 
dritic growth of germanium crystals from super- 
cooled melt (8). 

Temperature distributions in a silicon ingot have 
been analyzed theoretically for cross-sectional en- 
trance of heat by Billig (1) and for peripheral heat- 
ing by Akiyama, Yamaguchi, and Morishita (9). 

In this publication results of studies of interface 
shape during float zoning of silicon are reported. 
The types of interfaces that were observed and the 
operating variables that control their shape are de- 
scribed. An attempt is made to identify these experi- 
mental variables with parameters of theoretical sig- 
nificance. 


Experimental 


Silicon ingots were float zoned by standard tech- 
niques in conventional equipment. Operating param- 
eters were changed over wide ranges in an attempt 
to identify controlling variables in a minimum num- 
ber of experiments. 

Delineation of the shape of the floating zone was 
accomplished by slot doping of n-type silicon with 
an excess of boron to give a p-n junction between the 
n-type crystal and a p-type melt. The junction co- 
incides with the interface between the molten zone 
and the growing crystal. The upper interface, be- 
tween the molten zone and the feed stock, was de- 
lineated subsequently by a sudden freezeout of the 
p-type melt in contact with the n-type solid. The 
p-n junctions were decorated with an etchant that 
stains p-type silicon preferentially. 

Float zoning.—Float zoning was carried out by 
techniques essentially as described by Hannay (10) 
in equipment of conventional and of custom design. 
Argon was used as ambient gas. Various types of in- 
duction coils were evaluated. The following operat- 
ing parameters were investigated: rate of zone 
travel, rotation of seed, power input, and distance 
between seed and interface. Changes in operating 
conditions were made when the upper interfaces 
(between molten zone and feed stock) had pro- 
gressed about 1 cm above the slot containing the 
boron dope for delineation of the interface. 

Slot doping.—Silicon rods (19-22 mm in diam- 
eter), predoped to a resistivity of 0.05-2.0 ohm-cm 
n-type, were converted into single crystals. Boron 
dope was selected with 10°-10° ppb boron, depending 
on the resistivity of the crystal. The amount of dope 
was calculated to give a 5-20 fold excess of p-type 
over n-type carriers in the molten zone. For 20 mm 
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rod, this zone was assumed to weigh 10 g. Slots were 
cut into the crystal, spaced 5-10 cm apart and of the 
minimum size that would accommodate the slices of 
dope. 

Standard techniques of float zoning were used to 
outline lower interfaces; both lower and upper inter- 
faces were delineated by freezing out the zone 
shortly after the dope had melted. The bar was then 


‘dropped by about % cm and remelted for further 


zoning. 

Delineation of interface——The doped rods were 
sectioned, sanded, polished, and stained or etched 
to outline the interfaces as p-n junctions. 

The rods were typed, cut into pieces 5-10 cm long 
for convenient handling, and sliced lengthwise. The 
faces were then sanded with 600 grit abrasive. For 
staining, they were polished with No. 6 and No. 1 
diamond dust (4-8 u and 0-2 yu, respectively). 

The shape of the interface is revealed with least 
ambiguity by a staining etch proposed by Fuller and 
Ditzenberger (11). The etchant oxidizes and stains 
p-type silicon faster than n-type silicon. The solution 
consists of 0.2% concentrated nitric acid in concen- 
trated hydrofluoric acid. The stain develops within 
10-100 sec. 

Features of the p-n junctions, as well as defects 
of the crystal, are revealed in greater detail by an 
etch proposed by Dash (12). A mechanical polish of 
the interface is not required, but the decorated inter- 
face is frequently less pronounced and more difficult 
to evaluate. 

Results 

Lower interfaces between growing crystal and 
floating zone were found to be near-flat, convex, or 
concave dependent on conditions of zoning. Charac- 
teristic shapes are shown in Fig. 1. Three types of 
convex*® interfaces can be distinguished: cone 
shaped, resembling a blunt cone; interface shaped 
like an inverted dish with a flat peripheral annulus 
and a bulge in the center, and interfaces wave- 
shaped in cross section. Concave’ interfaces resemble 
a flat depression. They are displaced less from planar 
than convex interfaces of cone and dish shape. Near- 
flat interfaces exhibit a wavelike pattern. Zoning 
with inadequate power supply gave interfaces that 
indicated a core of solid remaining unmolten. 

The effect of zone travel is illustrated in Fig. 2. 
With increasing rate of zone travel, upper interfaces 
become more convex, lower interfaces less convex or 


2 Throughout this paper the designations convex and concave re- 
fer to the shape of the solid. 
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Fig. 1. Shape of interfaces, crystal melt 
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SHAPE OF MELT-CRYSTAL INTERFACES 


Table |. Shape of interfaces 


Interfaces 


Lower Upper 


Displacement (1) 
— Concave, 


(2) (2) 


Displace- 


Relat. ment con- 
vex, 


temp. 
gradient (1) 


peer 


s 
ore ag 


ow 


a 
b 
c 

d 
e 
a 
b 
Cc, 
e, 
a 
b 
c 

d 
e 
a 
a-c 
a 
b 
c 
d 
a 
b 
c 
d 
e 
f 


22 5 
12 


' 
CoP 


= 
aasnaauea-| a 


Q 


; Shape of Interfaces 
(1) D, dish shape; C, cone shape; W, wave shape; F, near flat; X, concave; S, solid core. 


(2) Vertical displacement from planar as percent of diameter. 
(3) Modified induction coil and power unit. 

(4) Radiation shield above coil. 

(5) Increased power input. 


(6) Core of n-type silicon projected from top of lower interface indicative of close proximity of lower and upper interface. 


more concave. Slight asymmetry of the lower inter- 
faces in Fig. 2 corresponding to rates of 15, 30, 45, 
and 60 cm/hr was caused by a distortion of the sili- 
con bar during freeze-out at 7.5 cm/hr. 

Zoning conditions and shapes of the interfaces 
obtained in a series of experiments are listed in 
Table I. Curvature of the interface is expressed in 
terms of vertical displacement from flat as per cent 
of radius. The type of interface, conical, dish, or 


wave-shaped, etc., is indicated by symbols. The 
column entitled “temperature gradient” gives rela- 
tive thermal gradients for comparison. Not listed in 
Table I are several experiments in which modifica- 
tions of the zoners were found to have little effect on 
the shape of the interface. 


Discussion and Conclusions 
The observations described above can be explained 
qualitatively and to some extent quantitatively, if 


_Type__ 

Crystal Seed Rate of z 

Crystal, Inter- diameter, rotation, zoning, 
49 (3) a-d 20 0 
2 53 a-d 19 0 10 a 
55 20 12 0 
12 10 
2 10 
0 10 
58 (3) 20 0 15 aa 

60 22 60 20 a 

61 22 60 20 as. 

0 20 

64 22 15 20 | 

66 (3) 22 30 19 i. 

68 22 15 5 
71 20 12 0 : 
12 9 
pa 73 (4) 20 0 0 49 
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Fig. 2. Distortion of interface vs. rate of zone travel 


one considers thermal properties and geometry of the 
silicon in conventional float zoning equipment. 

Shape of interface.—Shape of the interfaces of the 
floating zone is controlled by 2 parameters: (A) The 
skin depth of high-frequency induction currents is 
sufficiently low under experimental conditions 
(about 1 mm at 4 megacycles) to consider the bar 
heated at the surface only. (B) The latent heat of 
fusion of silicon (11 kcal/mole) (13) contributes 
significantly to the heat balance of the system. At a 
rate of zoning of 30 cm/hr, crystallization releases 
110 kcal/hr at the lower interface, while fusion con- 
sumes a corresponding amount of heat at the upper 
interface. These 110 kcal/hr are within the order of 
magnitude of the heat flow through each interface 
at stationary conditions, estimated at 300 kcal/hr 
from radiation loss, as well as power consumption 
and utilization. 

The effects of these parameters combine to give 
shapes of interfaces illustrated in Fig. 3. The draw- 
ing shows traces of isothermal surfaces in the cross 
section of silicon rods skin-heated from high-fre- 
quency induction coils. 

Coil and bar shown in Fig. 3A are stationary; iso- 
therms above and below the coil, therefore, are ap- 
proximately symmetric. Which isotherms coincide 
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Fig. 3. Isothermic surfaces during float zoning 
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with the melting point, i.e., from upper and lower 
interfaces, depends on the temperature level repre- 
sented as determined by the balance between heat 
input and withdrawal. The shape of the interface 
under stationary conditions is, therefore, controlled 
primarily by the power input from the coil. 

With an adequate supply of heat, a core of solid 
remains, and the interface corresponds to shape a. 
Marginal power input gives conical shapes b. Inter- 
faces shaped like an inverted dish c are controlled 
by heat input; concave interfaces e, flat in the center 
with a slight peripheral upturn, should occur where 
heat loss is controlling, i.e., where the peripheral 
heat loss by radiation and conduction exceeds the 
axial heat loss by conduction alone. An overlap of 
conditions at c and e should give wave-shaped iso- 
therms d. 

The latent heat of fusion of silicon has to be taken 
into account only when the zone is in motion. A 
plane of symmetry is no longer present. Interfaces 
become distorted as illustrated in Fig. 3B. 

The latent heat of fusion, consumed at and sup- 
plied to the upper interface, causes it to become 
more convex, b’ or c’. The lower interfaces, where 
heat is liberated and dissipated, become less convex, 
b or c, or more concave, d or e dependent on the 
shape of the corresponding interface at stationary 
conditions. 

A quantitative consideration gives support to this 
interpretation. Displacement of the interface from 
flatness should not be a simple function of rate of 
zone travel if power input and rate both are con- 
trolling. Instead, the distortion of the zone shape, i.e., 
the asymmetry of zone, should correlate with the 
rate of zoning. This, indeed, is the case, as illustrated 
in Fig. 4 where a measure of distortion is plotted 
against rate of zone travel. 

Distortion is measured as the difference between 
displacement of upper and lower interfaces in per 
cent of radius and expressed as one-half of the meas- 
ured value, i.e., one half of the sum of the distortions 
of upper and lower interfaces. The plot shows that 
this expression is approximately proportional to the 
rate of zone travel. Pertinent data are given in 
Table II. 

The mechanical transport of heat contributes to 
the asymmetry of the temperature distribution by 
increasing axial temperature gradients in the feed- 
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Table ||. Rate of zoning vs. distortion of zone 


Distor- 
tion of 
zone, % 
of radius 
(2) 


Displace- 
ment of 
interface, % 
of radius 
(1) 
Lower 
interface 
Interface a 


d,e 


7 


m 9 


85 ; 
15 —16 
30 —14 


(1) Vertical displacement from planar. 
(2) Measure of asymmetry of zone. 


stock and decreasing axial gradients in the growing 
crystal. 

Rate of zone travel and power input had a much 
more pronounced effect on the shape of the inter- 
face than any of the other variables studied: rate 
of seed rotation, varied from 0 to 60 rpm, had no sig- 
nificant effect. The diameter of the bar, 19-22 mm, 
did not influence the shape of the zone noticeably. 
The distance between seed holder and zone and be- 
tween the support of feedstock and zone did not ap- 
pear to be significant. Design of the coil and zoning 
equipment affected the floating zone, but did not 
change the character of the response of the shape of 
the zone to the rate of zoning and the power input. 

Temperature gradients.—Curvature of the inter- 
face from the growing crystal proves existence of 
radial temperature gradients essential to the genera- 
tion of dislocations according to the theory intro- 
duced by Billig. Consideration of geometrical char- 
acteristics of the system reveal that this radial tem- 
perature gradient is proportional to the axial tem- 
perature gradient and the slope of the interface: 


da 1 
“ar 


with dT/dr the radial temperature gradient, dT/da 
the axial temperature gradient, and da/dr the slope 
of interface. A derivation of the equation is given in 
Fig. 5. 

RADIAL TEMPERATURE GRADIENT: AXIAL TEMPERATURE GRADIENT: 
=( 


at 


or da bo 


Fig. 5. Derivation of the radial ternperature gradient 


SHAPE OF MELT-CRYSTAL INTERFACES 


Relative radial temperature gradients, listed in 
Table I, were calculated using an equation for the 
“average radial temperature gradient” 

Aa [2] 

Ar Aa Ar 
with AT/Ar the average radial temperature gradient, 
C the proportionality constant, AT/Aa the axial tem- 
perature gradient, and Aa/Ar the slope of interface. 
Arbitrarily, the value of unity was assigned to the 
proportionality constant. The data have the dimen- 
sions of a temperature divided by a distance, but do 
not represent absolute values. They can, however, 
be used to compare the effects of operating variables 
on radial temperature gradients. 

The radial temperature gradient exceeds the axial 
gradient only if the slope of the interface increases 
above 45°. In practice, inadequate power input to the 
zone leads to this condition. 

_ The circumferential temperature gradient, a meas- 
ure of the asymmetry of heat flow, can be derived 
similarly and expressed in analogous terms 


[3] 


[4] 


with dT/da the circumferential temperature gradi- 
ent, dT/dr, dT/da, da/dr, as in Eq. [1], and dr/da the 
angular distortion of interface. The equations show 
that the peripheral temperature gradient is large 
only for large radial gradients combined with asym- 
metry of the zone. 

Summary 

Features of the interface between growing crystal 
and melt and between feed stock and melt during 
float zoning of silicon were made visible by a tech- 
nique involving slot doping and decoration of the 
resulting p-n junctions by a staining etch. 

Observations can be summarized as follows: 

1. The interface of the growing crystal can be con= 
cave as well as convex. Several characteristic shapes 
of convex phase boundaries can be distinguished. 

2. Rate of zone travel and power input into the 
zone control the shape of the interface. A near-flat 
interface of the growing crystal can be obtained by 
independent control of these variables. 

3. Two primary parameters account for all ob- 
served shapes: (a) latent heat of fusion of silicon, 
and (b) skin heating characteristics of high-fre- 
quency induction. 
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Any discussion of this paper will appear in a Discus- 
sion Section to be subladhe in the June 1962 JoURNAL. 
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Characteristics of the {111+ Surfaces of the III-V 
Intermetallic Compounds 


lll. The Effects of Surface Active Agents on InSb and the Identification of Antimony 
Edge Dislocations 


M. C. Lavine, H. C. Gatos, and M. C. Finn 


Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 


ABSTRACT 


The effects of inorganic and organic surface active agents on the behavior of 
the InSb {111} surfaces in oxidizing etchants were investigated. It was found 
that specific adsorption of these agents leads to a decrease in the dissolution 
rate of InSb and pronounced changes in the microstructure of the {111} sur- 
faces. In the presence of an organic sulfide it was possible to develop etch pits 
which were identified with Sb edge dislocations on the {111} surfaces. This 
result was verified by means of plastic deformation experiments. Electrical 
measurements at 78°K suggest that Sb dislocations serve as electron donors 
whereas In dislocations serve as electron acceptors. 


In earlier communications (1-3) on III-V inter- 
metallic compounds the differences in the chemical 
characteristics of the {111} surfaces terminating with 
group III atoms (A surfaces) and those terminating 
with group V atoms (B surfaces) have been dis- 
cussed. The difference in behavior of the A and B 
surfaces has been attributed to the electronic con- 
figuration of the triply bonded A and B surface 
atoms (2). As a result of the difference in chemical 
reactivity of the triply bonded group III and group V 
atoms, it has been suggested (2) that only one of the 
two types of edge dislocations present in the III-V 
compounds is revealed on the A surfaces in the com- 
monly employed oxidizing etchants. The dislocations 
revealed were shown to be those terminating in 
triply bonded A atoms. By altering the relative re- 
activities of the A and B atoms with the addition of 
surface active agents to oxidizing etchants, it has 
been possible to develop dislocations on the B sur- 
faces as well (4). It has also been tentatively sug- 
gested (4) that both types of edge dislocations may 
be revealed in the case of InSb by the addition of 
aliphatic amines to an oxidizing etchant. In the pres- 
ent investigation Sb dislocations in InSb were de- 
veloped and identified by employing suitable surface 
active agents. This identification was confirmed by 
experiments involving plastic deformation of InSb. 


r 1 Operated with support from the U. S. Army, Navy, and Air 
‘orce. 


Experimental 

Rate determinations.—Tetrahedral InSb samples 
bounded exclusively by In {111}* or Sb {111} sur- 
faces were employed for the determinations of the 
dissolution rates. The surface active agents were 
added to an etchant consisting of 1 part 30% H.O,+ 1 
part 48% HF + 3-8 parts H.O, which hereafter will 
be referred to as the base etchant. This etchant was 
found very satisfactory in obtaining reproducible 
rates; however, other oxidizing solutions would 
probably serve as well. The dissolution rates (mg/ 
cm*/min) were determined from weight loss meas- 
urements (employing a commercial microbalance) 
and the geometric area of the samples. Generally the 
weight losses were between 5.0 and 250 mg for an 
average sample area of 3 cm’ and time-periods up to 
5 min. The rates remained constant for periods much 
longer than 5 min. The vigorous hydrogen evolution 
associated with the dissolution reaction provided 
effective agitation of the solutions (3). Consequently, 
no mechanical stirring was employed in these ex- 
periments. 

Etching tests—Wafers obtained by cutting per- 
pendicular to the <111> growth axis of InSb single 
crystals were employed for observing microstructure 


2It has b cust y to designate the (111), (111), (111), 
and (111) set of planes as {111} or A{111}; the (111), (111), (111) 


and (111) set of planes as {111} or B{111}. In the case of InSb they 
are designated as In{111} and Sb{111}. 


: 
4 
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effects. The opposite sides of such wafers are In 
{111} and Sb {111} surfaces, respectively; thus, the 
effects of the surface active agents could be observed 
on both surfaces under identical etching conditions. 
The effects on the microstructure were established 
by (a) characterizing the surfaces in the base etch- 
ant; (b) etching in the base etchant containing the 
surface active agent; and (c) re-etching in the base 
etchant. Following each etching operation the sur- 
faces of the wafer were replicated on Fax-film, then 
ground with 1600 mesh (10) garnet powder. The 
replicas provided a permanent record of the sur- 
faces and afforded a direct means of establishing the 
effect of the particular surface active agent. Regrind- 
ing between successive etchings assured an identical 
starting surface since cold-work damage affects the 
microstructure obtained on the surface (2). All etch- 
ing tests, unless stated otherwise, were performed at 
room temperature. 

Because the organic sulfide present in the base 
etchant does not wet the InSb surfaces uniformly, it 
was found that for best results the sample must be 
immersed prior to etching in a wetting agent such as 
sodium lauryl] sulfate solution. 

Deformation tests._-Sample bars of the shape and 
orientation shown in Fig. 1 were obtained from InSb 
single crystals grown in the <110> or <100> direc- 
tions. In bending, each sample was rested on two 
graphite blocks 18 mm apart and a load was applied 
through two steatite knife edges 6 mm apart. If 
bending about the [110] axis introduces an excess of 
In dislocations, bending about [110] axis (90° to the 
first bend axis) introduces an excess of Sb disloca- 
tions (5). Bending of the samples was performed in 
air at temperatures ranging from 280° to 300°C. 
Heating above 300°C (without bending) leads to 
marked changes in the electrical properties of this 
material (6). The amourit of oxide formed under 
these conditions was removed by etching and had no 
effect on the properties studied. Before and after 
bending, the samples were ground, etched, and rep- 
licated in the manner described above. Electrical 
measurements to determine mobility and majority 
carrier concentration were made before and after 
bending. Control samples carried only through the 
heating cycle were also measured before and after 
heating. 

Results and Discussion 

Exploratory experiments.—It was reported earlier 

(4) that the addition of aliphatic amines to a mixture 
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Fig. 1. Orientation of samples subjected to plastic deforma- 
tion. Bending according to | introduces excess In dislocations; 
bending according to I| introduces excess Sb dislocations. 


of HF + HNO, + CH,COOH substantially decreased 
the dissolution rate of the Sb surfaces of InSb while 
the rate of the In surfaces was essentially unaltered. 
It was further found that In dislocations (and pos- 
sibly Sb dislocations) are revealed on the In and Sb 
surfaces in the presence of these amines. Only In 
dislocation etch pits appear, and only on the In sur- 
faces, when these amines are not present. The effect 
of the amines was attributed to their preferential 
adsorption on the Sb surface atoms. 

In the present work the effect of several inorganic 
and some organic surface active agents on the dis- 
solution rate and the microstructure of InSb {111} 
surfaces was studied by employing the base etchant: 
H.O, + HF + H.O. Some typical results are shown 
in Table I. It is seen that the heavy cations, Ni**, Co”, 
and Cr**’, do not alter the etching rate of the Sb sur- 
faces and have a relatively small effect on the In 
surfaces. Of all active agents tested, only Cr*** ions 
and butylthiobutane alter significantly the micro- 
structure of the {111} surfaces as will be discussed 
below. 

Effect of Chromic Ions 

The chromic ions developed dislocation etch pits 
on the Sb surface only at low angle boundaries. Fig- 
ure 2 shows a sequence of photomicrographs of pa- 
rallel and corresponding sample fields on the indium 
(a) and on the antimony (b) surface. Ia and Ib are 
the fields after etching in the base etchant. Ila and 
IIb show the effect of the addition of 1% Cr® [as 
Cr.(SO,),] to the etchant. While the In surface is 
substantially unaffected (Ila), a low angle boundary 
is now developed on the Sb surface (IIb) as a series 
of etch pits with trails. The photomicrographs IIIa 
and IIIb of Fig. 2 show the same fields after etching 
at 0°C in modified CP4 (Table I) containing n-amyl- 
amine. This etchant develops In dislocations on both 
In and Sb surfaces. 


Table 1. Effect of surface active agents on the dissolution rate of InSb {111} surfaces 


Rate 


In{111} Sb{111} 


Base etchant* 

Base etchant + NiSO,(1% Ni**) 

Base etchant + CoSO,(1% Co**) 

Base etchant + Cr.(SO,);(1% Cr***) 
Base etchant + n-butylthiobutane (0.4%) 
Modified CP4** 

Modified CP4 + n-amylamine (0.3%) 
Modified CP4 + sodium stearate (0.05%) 


11 mg/cm?/min 
8 mg/cm?/min 
8 mg/cm?/min 
9 mg/cm?/min 
3 mg/cm?/min 
0.5, mg/cm*/sec 
0.4, mg/cm*/sec 
0.3, mg/cm*/sec 


17 mg/cm?*/min 
18 mg/cm?*/min 
18 mg/cm?/min 
17 mg/cm?/min 
6 mg/cm?/min 
7.8 mg/cm*/sec 
0.4, mg/cm’*/sec 
0.3. mg/cm*/sec 


* Base etchant in parts by volume: 1 30% HzO. + 1 48% HF + 8 


HO. 
** Modified CP4 in parts by volume: 2 conc. HNO; + 1 48% HF + 1 glacial CH;sCOOH. 
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Fig. 2. In {111} and Sb {111} surface of an InSb wofer 
etched under various conditions. The In surface is marked in 
all instances (a) and the Sb surface is marked (b). The (a) and 
(b) sample fields are parallel and corresponding. Etching took 
place in: |, (a and b) base etchant (see Table |); II, (a and b) 
base etchant + 1% Cr*** as Cre(SO,)s; Il, modified CP4 (see 
Table 1) + 0.3% n-amylamine at 0°C. 300. All mag- 
nification before reduction for publication. 


Chromic ions do not alter significantly the dis- 
solution rates of the In or Sb surfaces (Table I). 
Similarly they are without effect on the microstruc- 
ture of the In surfaces. They do, however, reveal 
low angle boundaries on the Sb surfaces of InSb. 
Considering the model proposed for the electronic 
configuration of the In and Sb surface atoms (2) 
(Fig. 3) and the chemistry of complex ions, it is not 


SURFACE A 


SURFACE B 
ATOM 


In 


ATOM 
aN 
BULK BULK 
(a) (b) 


Fig. 3. Atomic model of the In and Sb atoms of the {111} 
surfaces. 


October 1961 


surprising that these ions do not adsorb on the In 
surfaces to an extent which would alter the etching 
behavior. On the other hand, the Sb surface atoms 
have a dangling bond with an unshared pair of elec- 
trons, and thus adsorption of the positively charged 
complex ions becomes quite plausible. In dilute solu- 
tions of chromic salts the complex ion [Cr(H.O),]” 
is formed having a very small dissociation constant. 
In the presence of halides, complexes of the type 
[CrX,(H.O),.,]°*”’ may also be formed although the 
aqua complex is the most likely species present. 
Although the mechanism involved is not under- 
stood at this time, adsorption of the above ions mani- 
fests itself only at the low angle boundaries, The 
trails associated with the dislocation etch pits on 
the Sb surfaces (Fig. 2-IIb) are analogous to those 
observed by Dash in silicon (7) which were attrib- 
uted to the segregation of vacancies or impurities 
along the dislocation path. A similar origin is pro- 
posed for the trails observed in the case of InSb. 


Effect of n-Butylthiobutane (C,H,SC,H,) 


Dissolution.—As shown in Fig. 4, the apparent ac- 
tivation energy for the dissolution of the In and Sb 
surfaces in the base etchant is 9 and 7 kcal/mole, 
respectively. These values are indicative of a dif- 
fusion controlled process. The observed differences in 
the diffusion controlled rates and in the apparent 
activation energies of the two surfaces in the same 
etchant are attributed to differences in their true 
areas as discussed extensively elsewhere (3). In the 
presence of the n-butylthiobutane, the room tem- 
perature dissolution rate of the In surfaces decreased 
by a factor of approximately four and the rate of the 
Sb surfaces decreased by a factor of three (Table I). 
As shown in Fig. 4, the apparent activation energy 
for dissolution changes somewhat in the case of the 
In surfaces, but the process remains under diffusion 
control upon addition of n-butylthiobutane. In the 
case of the Sb surfaces, however, the apparent acti- 


RATE (mg/cm*/min) 


Fig. 4. Temperature dependence of the dissolution rates of 
the InSb {111} surfaces. o and A base etchant (see Table |); 
@ and A the base etchant + n-butyithiobutane. 
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vation energy for dissolution increases to the value 
of 14.5 kcal/mole which is indicative of an activation 
controlled process. 

The above effect on the dissolution process is be- 
lieved to be the result of the adsorption of the oxi- 
dation product of n-butylthiobutane on the In and Sb 
surfaces. In the presence of peroxides, the alkyl] sul- 
fides (R-S-R) are oxidized to the corresponding sul- 
foxides with the oxygen atom covalently bonded to 
the sulfur: 


R-S-R ——> R-S-R 
H.O, 


In acid (HX) solutions the sulfoxides form salts 
which correspond to two tautomeric forms depend- 
ing on whether the H’ attaches itself to the sulfur or 
to the oxygen atom: 


R-S-R HX ~ 


It has been shown (8) that, in these compounds, the 
sulfur has the sp’ tetrahedral coordination. Thus, it 
is likely that the tautomeric form II with an un- 
shared pair of electrons can be covalently adsorbed 
on the In surface atoms which have no electron- 
dangling bonds (c.f. Fig. 3). Adsorption of the sulf- 
oxide on the In surfaces is quite extensive as evi- 
denced by the pronounced decrease of the dissolu- 
tion rate. On the other hand, the positively charged 
ions of either tautomeric form can adsorb on the Sb 
surface atoms which have an unshared pair of elec- 
trons. A similar explanation (4) has been advanced 
for the adsorption of ammonium ions [RNH,]* on Sb 
surfaces. 

In the presence of butylthiobutane the dissolution 
of the Sb surface becomes activation controlled al- 
though the values of the dissolution rates are com- 
parable to those of the In surfaces under the same 
experimental conditions. However, in the case of the 
In surface the dissolution process is under diffusion 
control. The observed activation energy of 14.5 kcal/ 
mole is apparently associated with the probable re- 
duction of the sulfoxide on the Sb surfaces. 
Microstructure.—With n-butylthiobutane added to 
the base etchant, pits appear on the In as well as on 
the Sb surfaces. Successive grinding-etching opera- 
tions showed that these pits are associated with 
edge dislocations. However, they do not correspond 
to the dislocation etch pits which are developed by 
the base etchant and which have been shown to be 
associated with In dislocations. Typical results are 
shown in Fig. 5. Photomicrographs Ia and Ila depict 
the identical field on an indium surface etched in the 
base etchant (Ia) and in the base etchant containing 


* The probability for electrons to be present in the group III atom 
dangling bond is taken to be extremely small. 
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~ 
Ila Ib 
Fig. 5. In {111} and Sb {111} surface of an InSb wafer. la 
and |b are the In and Sb surface respectively etched in the base 
etchant; these sample fields are parallel and corresponding. Ila 
and Ilb are the In and Sb surface respectively etched in the 
base etchant + 0.4% butylthiobutane; these sample fields are 


parallel and corresponding. Fields la and Ila are the same as 
are Ib and Ilb. 300X. 


n-butylthiobutane (IIa). Photomicrographs Ib and 
IIb show the parallel and corresponding field on an 
antimony surface etched in the base etchant (Ib) and 
in the base etchant containing n-butylthiobutane 
(IIb). It is seen from Fig. 5 that there is no corre- 
spondence between the etch pits shown on Ia and 
those shown on IIa. Notice that a few individual In 
dislocation etch pits are present in Ia. However, on 
etching in the base etchant containing n-butylthio- 
butane, arrays of pits are developed on both surfaces. 
The pits in Figures 5-IIa and 5-IIb are associated 
with edge dislocations as evidenced by the one to one 
correlation in these figures. It is believed that these 
new etch pits are associated with Sb edge disloca- 
tions. This conclusion will be further verified below. 


The fact that no In dislocation etch pits develop 
on these surfaces in the presence of butylthiobutane 
is attributed to the strong adsorption of the sulfoxide 
on the In atoms of the dislocation line intersecting 
the surface. Thus, the necessary condition for the 
formation of pits is not met; i.e., the etching rate 
along the dislocation line does not exceed the rate 
on the overall surface. 


The formation of Sb dislocation pits on In and Sb 
surfaces can best be visualized with the help of the 
models shown in Fig. 6. They illustrate the atom ar- 
rangement of an Sb dislocation intersecting an In 
surface (Fig. 6-I) and an Sb surface (Fig. 6-II). In 
Fig. 6-I the terminal dislocation atom is triply 
bonded and lies in the layer below the In surface 
atoms which are also triply bonded. In the sulfide 
etchant the room temperature dissolution rate of the 
Sb surface is greater than that of the In surface by 
more than a factor of two (Table I). Since the rate- 
determining step in the dissolution of the III-V com- 
pounds is associated with the reactivity of the outer- 
most surface atoms (4) it can be concluded that here 
also the triply bonded Sb atoms are more reactive 
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Fig. 6. Atomic model of an Sb dislocation intersecting an 
In {111} surface (1) and an Sb {111} surface (Il) of InSb. 
Surfaces are defined by the atoms with the protruding bonds. 


than the corresponding triply bonded In atoms. This 
difference in reactivity would favor attack along the 
Sb dislocation and lead to etch pit development. In 
the case of Fig. 6-II where an Sb dislocation inter- 
sects an antimony surface, the terminal dislocation 
atom is only doubly bonded and lies in the triply 
bonded Sb surface layer. The doubly bonded atom is 
more reactive than the triply bonded atoms. Thus, 
it will be the first to react exposing adjacent triply 
bonded In atoms which would be expected to be less 
reactive than the triply bonded Sb atoms as pointed 
out above. However, this would be the case only if 
the sulfoxide were to adsorb on the exposed In atoms 
adjacent to the terminal dislocation atom. It is rea- 
sonable to believe that effective adsorption on these 
recessed atoms is not probable due to steric hin- 
drance. Thus, dissolution along the dislocation in this 
case would proceed more nearly at the rates found in 
the absence of the sulfide. Indeed, the pits on the Sb 
surface are deeper than those developed on the In sur- 
face by at least a factor of two. This difference can be 
seen by comparing Figures 5-Ila and 5-IIb. At the 
same magnification, the bottoms of the Sb surface 
pits are not resolved while the shallow pits of the In 
surface are entirely in focus. 

Identification of antimony dislocations.—Plastic 
deformation of InSb provided a means for the unam- 
biguous identification of Sb dislocations. Referring to 
Fig. 1, bending of a pair of samples with the orienta- 
tions shown will give an excess of In dislocations in 
one case and an excess of Sb dislocations in the other. 
Several samples, bent to a radius of about 30 cm, 
were etched to test the specificity of each etchant. 
Typical results are shown in Figs. 7 to 14. In these 
figures sample areas were chosen in the vicinity of 
the neutral plane. In Fig. 7 to 10 indium dislocations 
(positive) have accommodated the sign of the bend- 
ing moment. It can be seen that the samples etched 
in the base etchant (Fig. 7) and the modified CP4 + 
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Fig. 7. In {111} surface before (a) and after (b) plastic de- 
formation leading to the introduction of excess In dislocations 
(Fig. 1-1). The base etchant (Table |) was employed. 300X. 


Fig. 8. Sb {111} surface before (a) and after (b) plastic 
deformation leading to the introduction of excess In disloca- 
tions (Fig. 1-1). Etchant employed: modified CP4 (Table I) + 
0.3% n-amylamine. 300X. 


Fig. 9. In {111} surface before (a) and after (b) plastic 
deformation leading to the introduction of excess In disloca- 
tions (Fig. 1-1). No change in etch pit density is revealed. 
Etchant employed: the base etchant (Table |) + 0.4% n- 
butylthiobutane. 300X. 


Fig. 10. Sb {111} surface before (a) and after (b) plastic 
deformation leading to the introduction of excess In disloca- 
tions (Fig. 1-1). No change in etch pit density is revealed. 
Etchant employed: the base etchant (Table 1) + 0.4% n- 
butylthiobutane. 300X. 


978 JOURNAL OF THE ELECTROCHEMICAL SOCIETY Pe Tie 
x 
3 
a 
b 
: 


Vol. 108, No. 10 


Fig. 11. In {111} surface before (a) and after (b) plastic 
deformation leading to the introduction of excess Sb disloca- 
tions (Fig. 1-I1). No change in etch pit density is revealed. The 
base etchant (Table |!) was employed. 300X. 


Fig. 12. Sb {111} surface before (a) and after (b) plastic 
deformation leading to the introduction of excess Sb disloca- 
tions (Fig. 1-11). Etchant employed: modified CP4 (Table I) + 
0.3% n-amylamine. 300X. 


Fig. 13. In {111} surface before (a) and after (b) plastic 
deformation leading to the introduction of excess Sb disloca- 
tions (Fig. 1-I1). Etchant employed: the base etchant (Table |!) 
+ 0.4% n-butylthiobutane. 300X. 


he 


Fig. 14. Sb {111} surface before (a) and after (b) plastic 
deformation leading to the introduction of excess Sb disloca- 
tions (Fig. 1-I1). Etchant employed: the base etchant (Table !) 
+ 0.4% n-butylthiobutane. 300X. 
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n-amylamine (Fig. 8) after bending show an in- 
crease in etch pit density with the etch pits lined up 
in traces of the {111} slip planes. Etching in the base 
etchant + n-butylthiobutane reveals no increase in 
etch pit density after bending. (Fig. 9 and 10.) 

In Fig. 11 to 14 the Sb dislocations are positive 
with respect to the bending moment (Fig. 1-II). 
Employing the same etchants as in Fig. 7 to 10, a 
marked difference in behavior is observed. In Fig. 11 
there is no increase in dislocation density after bend- 
ing. Figure 12 shows an increase in the density of 
pits on the Sb surface after bending. A similar be- 
havior was observed in the In surface employing the 
same etchant as in Fig. 12. Thus, (on the basis of 
Fig. 8 and 12) the previous suggestion (4) that both 
types of pits are developed in the presence of ali- 
phatic amines is verified. With the sulfide etchant the 
density of pits increases after bending as shown in 
Fig. 13 and 14. Thus, recalling that the base etchant 
reveals only In dislocations (Fig. 7 and 11) and in 
view of the fact that in the presence of n-amylamine 
both types of dislocations are revealed, it becomes 
apparent from Fig. 9-10 and Fig. 13-14 that n-butyl- 
thiobutane in the base etchant develops only Sb dis- 
locations. 

Measurements of the Hall coefficient and resistivity 
at 78°K were performed on InSb samples before and 
after bending. It was found (9) that, in many in- 
stances, introducing an excess of In dislocations on 
bending according to Fig. 1-I leads to a decrease in 
electron carrier concentration; introducing an excess 
of Sb dislocations on bending according to Fig. 1-II 
leads to an increase in the electron carrier concentra- 
tion. In all cases, the electron mobility of the samples 
was decreased significantly after bending. Control 
samples carried only through the heating cycle ex- 
hibited no change in their electrical properties. These 
results, although qualitative in nature, indicate that 
In dislocations act as electron acceptors whereas Sb 
dislocations act as electron donors. They are entirely 
consistent with the model proposed for the electronic 
configurations of the triply bonded In and Sb atoms 
(Fig. 3) on the {111} surfaces and along a dislocation 
line of an edge dislocation. 


Summary 

Surface active agents present in an oxidizing etch- 
ant have pronounced effects on the microstructure 
of the In {111} and Sb {111} surfaces of InSb. Chro- 
mic aqua complex ions develop etch pits associated 
with In edge dislocations at low angle boundaries on 
the Sb surface. Organic sulfides such as n-butylthio- 
butane uniquely develop etch pits associated with 
Sb edge dislocations on both the In and the Sb sur- 
faces. A simple atomic model has been employed to 
describe this effect. Plastic deformation experiments 
verified the identity of the dislocation etch pits de- 
veloped in the presence of organic sulfides. Electrical 
measurements on plastically deformed samples with 
an excess of In or an excess of Sb dislocations suggest 
that In dislocations serve as electron acceptors and 
Sb dislocations serve as electron donors. This is in 
accord with the model proposed in these studies for 
the electron configuration of the triply bonded group 
III and group V atoms. 
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Any discussion of this pa r will appear in a Discus- 
sion Section to be published in the June 1962 JouRNAL. 
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metal ions, a few quinones, and oxygen has been made in the solvent dimethyl- 
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sulfoxide (DMSO). Perchloric, sulfuric, and hydrochloric acids were found to 
be monoprotic strong acids in DMSO. Cobalt(II) and nickel(II) are reduced ir- 
reversibly at the dropping mercury electrode with large overpotentials indi- 
cating strong solvation. Polarograms of quinones showed two cathodic waves of 
unequal height in the absence of proton donor. The effect of proton donor on the 
polarograms of quinones was studied. The mechanism of the reduction of 


quinones 


Because of the unusual physical and chemical 
properties of dimethylsulfoxide (DMSO), an ex- 
ploratory study was made of polarography and volt- 
ammetry in this solvent. On the basis of its physical 
properties (Table I) and its chemical structure, 
DMSO may be expected to exhibit similarity with 
water in some respects and with acetonitrile (1-3) 
in others. DMSO has a very low vapor pressure and 
is a liquid at room temperature; however, it is mod- 
erately viscous. The dielectric constant is rather high 
for an organic solvent and the liquid is strongly as- 
sociated as shown by the high value of Trouton’s 
“constant.” The molecule is pyramidal (5) and 
highly polar. DMSO contains nonbonded electron 
pairs and should function as a base. 

Nonaqueous polarography has been reviewed by 
Gutman and Schéber (4). Sears, Lester, and Daw- 
son (6) have shown that a number of uni-univalent 
electrolytes are fully dissociated in DMSO. Due to 
greater solvation, the equivalent conductances of 
cations are significantly lower than those of anions of 
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Table |. Physical properties of DMSO 


Molecular weight 78.13 

Melting point 18.4°C (6) 

Boiling point 189.0°C (6) 

Viscosity (25°C) 1.96 cps (6) 
Dielectric constant (25°C) 46.7 (7) 

Specific gravity (25°C) 1.096 (6) 

Heat of vaporization (25°C) 12.64 kcal/mole (8) 
Vapor pressure (30°C) 0.60 mm mercury (8) 


Trouton’s constant 
Dipole moment 


29.5 (6) 
3.9 debyes (9) 


in DMSO is discussed. Rotated platinum and rotated mercury pool 
electrodes can be used to advantage in DMSO. 


the same charge and comparable size. Using chrono- 
potentiometry, Iwamoto (10) studied the oxidation 
of iodide in DMSO. At a platinum electrode in 0.1M 
sodium perchlorate, the oxidation proceeds by the 
same two-step process observed in acetonitrile 
(2, 11). Gutman and Schéber investigated the polar- 
ographic reduction of ten alkali and alkaline earth 
ions, six other metals as halides or organo-metallic 
species (12), and several tetra alkyl ammonium ions 
(13). Data on the solubility of some electrolytes in 
DMSO have been reported (14). 

In the present work, polarograms of several acids, 
cobalt(II), nickel(II), and sodium have been deter- 
mined. Current-voltage curves of some acids were 
also made at a rotated platinum wire electrode 
(RPtE). The polarographic waves of cobalt(II) and 
nickel(II) were irreversible with acute maxima even 
in very dilute solutions. Therefore current-voltage 
curves were also run at a rotated mercury pool elec- 
trode (RMPE). At this electrode smooth waves were 
observed which allowed a first approximation of E,,, 
(16). The mechanism of the polarographic reduction 
of benzoquinone, tetrachloroquinone, and duroqui- 
none has been studied in the presence and absence 
of proton donor. Information on the acidic proper- 
ties of DMSO has been deduced from this work. The 
polarography of oxygen was investigated briefly. 


Experimental 


DMSO (Stepan Chemical Company, Chicago) was 
shaken overnight with freshly heated and cooled 
Woelm chromatographic grade alumina in a sealed 
container. The liquid was then siphoned off by suc- 
tion into a distilling flask. It was distilled over 
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alumina through a 20-in. column packed with por- 
celain saddles at a pressure of a few mm of mercury. 
A first fraction, amounting to about 10% of the total, 
was rejected and a second fraction, of about 80%, 
was collected. This second fraction was subjected to 
the same procedure twice or until the specific con- 
ductivity was 2 x 10° ohm“ cm” and the water con- 
tent 0.01% by weight or less as determined by the 
Karl Fischer titration method. The procedure of 
Sears, Lester, and Dawson (6) cannot be recom- 
mended because refluxing with calcium oxide or 
barium oxide causes extensive decomposition of the 
solvent. Removal of all the decomposition products 
was not possible. 

Materials.—Anhydrous sodium perchlorate (G. F. 
Smith Chemical Company) was dried at 130°C in 
vacuo prior to use. Tetraethylammonium perchlorate 
was prepared by a slightly modified version of the 
procedure used previously (1). Another product was 
prepared according to the directions of Knecht (17) 
from perchloric acid and tetraethylammonium bro- 
mide. 

Tetraethylammonium bisulfate of 100% purity 
was supplied by Dr. M. K. Chantooni of this labora- 
tory. 

G. F. Smith Chemical Company nickel(II) per- 
chlorate hexahydrate and cobalt(II) perchlorate 
hexahydrate were brought to constant weight in a 
desiccator over magnesium perchlorate. Eastman 
Kodak benzoquinone, hydroquinone, and tetrachlor- 
oquinone were purified by sublimation. Eastman 
Kodak Company quinhydrone was recrystallized 
from 50% glacial acetic acid and dried in a desicca- 
tor. Duroquinone was supplied by Professor L. I. 
Smith. 

Solutions of sulfuric acid were obtained by adding 
drop-wise Dupont reagent grade concentrated sul- 
furic acid to DMSO cooled in an ice bath. Hydrogen 
chloride was prepared by allowing reagent grade so- 
dium chloride to react with concentrated sulfuric 
acid. The gas was slowly bubbled into DMSO which 
was cooled in an ice bath. Ice-cooling of the solvent 
is necessary to prevent decomposition of DMSO. 
Perchloric acid solutions in glacial acetic acid were 
added to DMSO to give solutions of perchloric acid 
in DMSO. Direct addition of 72% perchloric acid to 
DMSO caused a small explosion. 

Eastman Kodak Company 40% aqueous technical 
grade trimethylbenzylammonium hydroxide was di- 
luted with DMSO to obtain a 0.106N solution as 
standardized against potassium acid phthalate. This 
solution contained about 2.5% water. 

Aerosol OT (sodium dioctylsulfosuccinate; Ameri- 
can Cyanamid Company) was tested as a polaro- 
graphic maximum suppressor. 

Reagent grade chemicals were used where not 
otherwise noted. 

Electrodes.—The DME used for most of this work 
had an m value of 1.03 mg/sec. and an open circuit 
t value of 6.02 sec. The mercury pool electrode 
(RMPE) has been described previously (15). The 
platinum electrode consisted of a piece of platinum 
wire about 1 cm long sealed into the end of a glass 
tube. The mercury electrode was rotated at 120 rpm 
and the platinum electrode at 600 rpm. 
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Table 11. Polarization limits (vs. SCE) in DMSO 


Anodic Cathodic 
Supporting limit limit 
electrolyte Electrode vs.SC 
0.1M NaClo, DME +0.25 —1.90 
0.1M Et,NCI1O, DME +0.25 —2.80 
0.1M NaClo, or RPtE +0.70 —1.85 
Et.NCIO, 
0.1M NaClO, RMPE +0.3 —1.9 


Recording polarograph.—_A _L&N Electrochemograph 
Type E was used to record all current-potential 
curves. The average current was corrected for iR 
drop by determining the average resistance with an 
Industrial Instruments Type RC-1B bridge. 
Cells.—The two types of cells used have been de- 
scribed elsewhere (1, 17). With both cells an aqueous 
SCE with agar-potassium chloride salt bridge dipped 
into an isolated compartment to prevent contamina- 
tion with water or electrolyte in the microelectrode 
compartment. 

Nitrogen.—All solutions were deaerated with high- 
purity Linde nitrogen. 

Temperature.—Polarographic and  voltammetric 
measurements with acids were performed in a 
thermostat at 30°C. Other measurements were made 
at 25° or room temperature. 


Results 


The limits of anodic and cathodic polarization at 
the DME and RPtE in DMSO are given in Table II. 

The electrocapillary curve in 0.1M sodium per- 
chlorate is shown in Fig. 1. The maximum occurs 
near —0.3 v; the curve is somewhat distorted as 
compared to that in aqueous solution. 

Acids at the DME.—A polarogram of 8.9 mM per- 
chloric acid in 0.1M sodium perchlorate exhibits a 
small but unusual maximum on the rising portion of 
the wave (Fig. 2). This type of maximum is fre- 
quently encountered in DMSO. The reduction of 
perchloric acid is irreversible and the diffusion cur- 
rent constant (1) was found to be 1.3 at 30°C. The 
E,,, was determined by interpolating on the normal 
sigmoid shape of the wave and found to be —1.06 v. 
The limiting current is well defined, diffusion con- 
trolled, and proportional to the concentration of per- 
chloric acid. 
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Fig. 1. Electrocapillary curve in deaerated 0.1M sodium 
perchlorate. 
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Fig. 2. Polarogram of 8.9 mM perchloric acid in 0.1M 

sodium perchlorate. E:2 = —1.06 v. 
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Fig. 3. Current-potential curve at RPE for 0.90 mM per- 
chloric acid in 0.1M sodium perchlorate. 
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The polarography of some acids is described in 
Table III. 

Acids at RPtE.—Well-defined (Fig. 3) and iden- 
tical current-potential curves in solutions of per- 
chloric, sulfuric, and hydrochloric acid in 0.1M so- 
dium perchlorate were observed at this electrode 
with E,,, = —0.67 + 0.02 v. Use of this can be made 
for the amperometric titration of a dilute solution of 
a strong acid in DMSO. The current at E = —1.00 v 
was measured and correction made for the dilution 
effect. (Fig. 4) 

Cobalt(II) and nickel (1I1).—Polarograms of the 
perchlorates of these metals in 0.1M sodium per- 
chlorate exhibit pronounced sharp maxima even in 
very dilute solutions (Fig. 5). No surface-active sub- 
stance has been found which completely eliminates 
the maxima. In the presence of 0.5% Aerosol OT, the 
maxima were greatly reduced but not eliminated. 
However, this maximum suppressor also reduces the 
diffusion current. By interpolation the E,,. of nickel 
was estimated to be —1.0 and that of cobalt —1.4 v. 
Well-defined waves without maxima were observed 
at the RMPE (120 rpm) which has the additional 
advantage over the DME that it yields much greater 
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Fig. 4. Amperometric titration curve of 11 mi of 8.15 mM 
hydrochloric acid in 0.09M tetraethylammonium perchlorate 
with 0.106M trimethylbenzylammonium hydroxide at RPtE 
with E = —1.00 v. 
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Fig. 5. Polarogram of 5 x FO“M nickel(Il)perchlorate in 
0.1M sodium perchlorate. E; 2 is ca. —1. v. 


diffusion currents at. the same concentration than 
does the DME. A voltammogram of 1 x 10° M nick- 
el(II) (Fig. 6) showed a diffusion current of 7.5 ya, 
while a 5 x 10° M nickel(II) solution gave a diffu- 
sion current of only 1.1 wa at the DME. Apparent 
half-wave potentials of nickel and cobalt at the 
RMPE were —1.08 and —1.39 v (vs. SCE), respec- 
tively. The RMPE is comparable to the rotated mer- 
cury electrode of Lee (16) in which a ring of mer- 
cury in a Teflon well is rotated at high speeds. Lee 
has derived an equation which gives the variation of 
the half-wave potential with rate of voltage scan- 
ning. Delahay (19) noted that, with conventional 
polarographic rates of scan (0.2 v/min), the ob- 
served E,,. will be only a few hundredths of a volt 
more negative at the rotated electrode than at the 
DME. This also holds true for the RMPE, at which 
the half-wave potentials for nickel and cobalt were 
found of the same order of magnitude as at the DME. 

Sodium.—A well-defined polarographic wave was 
obtained from a dilute solution of sodium perchlorate 
in 0.1M tetraethylammonium perchlorate with 


Substance V Observations 
Sulfuric acid 0.1M Et.NCIO, —1.06 Maximum, ill-defined; one-electron wave 
by comparison with HC1O, 
Hydrogen chloride 0.1M Et.,NCI1O, —1.08 Maximum, one-electron wave 
Sodium bisulfate 0.1M Et.NC1O, — Sodium wave only 
Tetraethylammo- 0.5M Et,NCIO, —2.5 Drawn-out wave 


nium bisulfate 


Acetic acid 0.1M Et.NCIO, 


Intense maximum 


12 
8 
4 
43 
2r 
10 
an’ 
| 
ca. —2.3 


Vol. 108, No. 


MICROAMPS 


VOLTS 


Fig. 6. Current-potential curve at the RMPE for 1 x 10°*M 
nickel(I|)perchlorate in 0.1M sodium perchlorate. Apparent 
E, —1.08 v. 
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Fig. 7. Polarogram of 5.5 x 10°‘M benzoquinone in 0.1M 


tetraethylammonium perchlorate. First wave: E: 2 = —0.396 v; 
second wave: = —1.24 v. 


E,,, = —2.07 v, in good agreement with the value 
—2.06 reported by Gutman and Schober (12). The 
wave is nearly reversible. 

Quinones.—In 0.1M tetraethylammonium per- 
chlorate in DMSO, the polarograms of benzoquinone 
and quinhydrone are identical, showing two ca- 
thodic waves of unequal height. Quinhydrone shows 
no anodic wave. Figure 7 shows the polarogram of 
5.5 x 10°M benzoquinone in 0.1M tetraethylammo- 
nium perchlorate. The E,. values were —0.40 and 
—1.24 v, respectively. The first wave corresponds es- 
sentially to a one-electron reversible step (v.i.) 
while the second wave is irreversible. The current 
and potential on the rising portion of the first wave 
have been measured with the L&N Electrochemo- 
graph and Student Potentiometer. A plot of log 
(i, —1)/i against —E (corrected for iR drop) yielded 
a straight line of slope 0.062 as against a theoret.cal 
slope of 0.059 for a reversible one-electron reduc- 
tion at 25°C. Upon successive additions of proton 
donor, like 0.01M hydrochloric, 0.01M acetic acid, 
or water in DMSO, the second wave shifted to more 
positive potentials until only one wave with a maxi- 
mum was observed. The height of this wave was 
found equal to the sum of the two waves found in 
the absence of acid. Duroquinone in a concentration 
of 3.9 x 10°M in 0.1M tetraethylammonium per- 
chlorate also gave two waves with E,,. values of 
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—0.73 and —1.53 v. The first wave is virtually re- 
versible while the second wave is irreversible. Again, 
the second wave height was found less than the first 
and the diffusion current on the second wave de- 
creased with increasing negative potential. A 8.3 x 
10‘M tetrachloroquinone solution in 0.1M tetra- 
ethylammonium perchlorate gave two waves of 
equal height with E,,, at +0.08 v and —0.73 v. Both 
waves are irreversible. 

Oxygen.—In 0.1M sodium perchlorate saturated 
with oxygen gas, a very ill-defined wave was ob- 
tained starting at —0.65 v and reaching a diffusion 
current of 21 wa at —1.20 v. The wave was distorted 
by the appearance of a maximum and by erratic drop 
formation. In dilute solutions of oxygen, the maxi- 
mum was eliminated and the drop time variation 
became only slightly erratic. Two drawn-out waves 
were observed with E,,. equal to —0.72 and —1.13 v, 
respectively. The ratio of wave heights, corrected for 
drop time effect, was 1.53. In 0.1M sulfuric and in a 
buffer composed of 0.1M ammonium acetate —0.1M 
acetic acid only one wave was observed with E,,. of 
—0.39 and —0.37 v, respectively. 


Discussion 

Polarographic studies substantiate the conclusion 
that DMSO is a good solvent for cations by virtue of 
the presence of a lone pair of electrons. This property 
accounts for the fact that the half-wave potentials of 
cobalt and nickel in DMSO (—1.4 and —1.0 v, re- 
spectively) are close to those in water (—1.4 and 
—1.1 v) and considerably more negative than those 
in acetonitrile [—0.65 and —0.33 v (2)], in which 
solvent nickel yields a reversible wave and cobalt a 
nearly reversible wave. The strong solvation of nickel 
and cobalt in DMSO is also evident from the intense 
red color of cobalt(II) perchlorate hexahydrate in 
dilute solutions as well as the green color of nick- 
el(II) perchlorate hexahydrate in DMSO. Coordi- 
nated water is replaced by DMSO in this solvent. 
This conclusion is substantiated by the work of Cot- 
ton and Francis (9), Schlafer and Schaffernicht (20), 
and Meek, Straub, and Drago (21) who have isolated 
a large number of coordination compounds contain- 
ing DMSO as ligand, including [Co(DMSO),](C10,). 
and [Ni(DMSO),](C1O,).. These were prepared by 
dissolving the hexahydrates in DMSO and removing 
the solvent under vacuum. In agreement with these 
results is the experimental fact that DMSO is a much 
stronger base than acetonitrile, its basic strength 
being of the same magnitude as that of water. Per- 
chloric, sulfuric (K,), and hydrochloric acids are 
completely dissociated in DMSO since these acids all 
give the same polarographic wave. In acetonitrile the 
latter two acids are considerably weaker than per- 
chloric (3). The second dissociation constant of sul- 
furic acid is abnormally smaller in organic solvents 
than in water, and the same effect is observed in 
DMSO in which the constant was determined spec- 
trophotometrically with indicators and found to be 
8 x 10°” (22). The weak acid character of the bisul- 
fate ion accounts partly for the fact that no second 
wave of sulfuric acid is observed even in 0.1M tetra- 
ethylammonium perchlorate. In addition, the nega- 
tive charge of the bisulfate ion makes it difficult for 
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this ion to approach the strongly negatively charged 
mercury drop close enough to give reduction of the 
proton. Only in 0.5M tetraethylammonium perchlor- 
ate, at which concentration the electrical double 
, layer is greatly compressed, did the tetraethylam- 
monium bisulfate give a drawn-out wave with an E,,, 
of about —2.5 v. 

The diffusion coefficient of the hydrogen ion in 
solutions of strong acids was calculated from its rela- 
tion with the diffusion constant: I = 607 n D’’. At 
30°C, D was found equal to 4.4 x 10° cm’ sec’. From 
the relation: 


RT 
D =———\’, 
F 


\. was found to be 17 at 30°. This compares with a 
value of 14.4 given for potassium ion in DMSO at 
25°C (6). The Walden product, »A., is calculated to 
be 8.6 x 10° cps cm’ sec" while in water at 30°C it is 
93.4 x 10° cps cm’ sec”. The proton diffusion mechan- 
ism in DMSO is clearly different from that in water. 

The polarographic behavior of quinones and oxygen 
provides evidence that DMSO is a much weaker acid 
than water and approaches acetonitrile as far as pro- 
ton donating properties are concerned. The polarog- 
raphy of quinones in weakly acidic solvents has been 
studied by Wawzonek and co-workers (23) who 
used acetonitrile and N,N-dimethylformamide 
(DMF) and by Given et al. (24-27) who employed 
DMF. The results obtained in DMSO are similar to 
those obtained in the other two solvents. Hoijtink 
and co-workers (28,18) have presented a general 
mechanism for the two-electron reduction of organic 
compounds at the DME. In a relatively acidic sol- 
vent, HS, like water, acetic acid, or formic acid, the 
reduction mechanism is: 

R+e>R 
+ RH +S 
RH RH 
RH + HS RH,+S 


Hoijtink and co-workers have shown that the elec- 
tron affinity of RH’ is always greater than that of R. 
Therefore whenever R’ can be protonated, the prod- 
uct RH’ is immediately reduced at the same potential 
as R. This results in a single two-electron reduction 
wave such as is observed for quinones in water. 

In solvents like DMF, DMSO, or acetonitrile which 
are very weakly acidic, the reduction mechanism for 
quinones is: 


R+e-R (first wave) 


+@e~R (second wave) 


R’ diffuses into solution where: 


R'+HS~-RH +S (slow) 


RH +HS~RH,+S° (slow) 


The result is a double wave since R’ is reduced at a 
more negative potential than R. Limited protonation 
of R’ by the solvent and its disproportionation and 
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dimerization may account for the fact that the first 
wave is larger than the second one. In addition, re- 
pulsion before further reduction of the negatively 
univalent charged radical by the electrode at poten- 
tials cathodic to the electrocapillary maximum is 
also possible. The addition of a proton donor to a 
solvent which is weakly or nonacidic may have two 
effects on the reduction mechanism of quinones. If 


R° reacts with the proton donor, the RH’ formed is 
reduced at the same potential as R, and the height of 
the first wave increases at the expense of the second 
until the latter disappears. If R* reacts with the pro- 
ton donor but R’ does not, the rate of the reaction: 
R + HA = RH + A’ becomes potential-determin- 
ing, and a shift of the second wave to more positive 
potentials occurs on addition of proton donor. This 
latter effect is that noted in DMSO. 

A quinone-hydroquinone electrode will function 
as a reversible pH electrode only in those solvents 
which are acidic enough to react rapidly with the 
semiquinone radical. In such solvents a reversible 
two-electron reduction wave is observed. For the 
reasons mentioned, quinhydrone at the DME or at a 
platinum electrode does not function as a pH elec- 
trode in DMSO. 

No anodic wave of hydroquinones is observed in 
DMSO. Wawzonek and co-workers (23) have stated 
that ionization of the hydroquinone is necessary be- 
fore oxidation can occur. This is in accord with the 
mechanistic concepts of Hoijtink. 

Qualitatively, the polarography of oxygen is com- 
parable to that of quinones, and the wave has char- 
acteristics similar to that in acetonitrile (3) and 
N-methylacetamide (17). The difference in wave 
heights is undoubtedly caused by factors similar to 
those causing this effect in the reduction of quinones. 
A more detailed study of oxygen reduction is neces- 
sary before it can be stated which radicals or ions are 
involved. 

DMSO should be useful as a solvent for organic 
polarography. It dissolves nearly all organic com- 
pounds and has the advantage over DMF of lower 
toxicity. From the analytical point of view it offers 
no advantages over water in the polarography of in- 
organic compounds. 
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The Application of an X-Y Pulsed Measuring 


System to Polarization Studies 


1. The Hydrogen Reaction on Platinum 


Clifton H. Presbrey, Jr. and Sigmund Schuldiner 


United States Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


The X-Y pulsed measuring system developed at the Naval Research Lab- 
oratory by Haas and Harris was modified and used in the study of electro- 
chemical systems. By means of a versatile pulse generator and a modified 
double sweep oscilloscope, a highly flexible system giving accurate control of 
pulse rise time, repetition rate, length, amplitude and delay makes it possible 
to determine the electrokinetic parameters of fast reaction steps. An investiga- 
tion of the hydrogen reaction on platinum in acid solution resulted in a quanti- 
tative separation and determination of solution resistance, charge on the double 
layer, and the discharge /ionization reaction step. 


In the spring of 1959 the authors learned of the 
technique of Haas and Harris (1) for plotting in- 
stantaneous values of voltage across a circuit element 
against the current flowing through it at any given 
time after the application of a step function in the 
form of a variable-width pulse. The plot is developed 
as the locus of a series of increasing or decreasing 
current-voltage values at any set time after the ini- 
tiation’ of each pulse of a recurrent series. It is dis- 
played on an oscilloscope screen where it can be re- 
corded photographically. This measurement and 
method of presentation appeared capable of provid- 
ing information on electrode processes hitherto un- 
available or at best available only with laborious 
effort. This paper presents the suggested application, 
describing the equipment used and the results ob- 
tained from an investigation of the hydrogen reac- 
tion on platinum. This technique has thrown new 
light on an old subject and promises to offer a pow- 
erful tool for electrochemical studies. 


Instrumentation 

Circuit design.—The original system described by 
Haas and Harris (1) was modified somewhat in 
adapting it for use with an electrolytic cell. The 
original circuit used a “measuring resistor” in series 
with the sample under test, and the voltage across 
this resistor was fed into the oscilloscope vertical 
amplifier as a measure of the sample current. A por- 
tion of the pulse applied across the sample and meas- 
uring resistor was fed into the oscilloscope horizontal 
amplifier (superimposed on the regular time base) as 
a measure of the voltage across the sample. This is 
true, only of course, to the degree that the measuring 
resistance is insignificant compared with the sample 
resistance. Since our electrolytic cell resistance was 
only a few ohms, our “measuring resistor” in this 
case would have to be less than 0.01 ohm for reason- 
able accuracy in the oscilloscope presentation. Since 
this value is a little difficult to work with, we re- 
versed the signal inputs to the oscilloscope and fed 
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Fig. 1. Circuit block diagram 


the cell voltage directly to the vertical amplifier. The 
portion of the pulse fed into the horizontal amplifier 
then becomes a measure of the cell current if the 
series resistance is large compared to the cell resist- 
ance. The same accuracy would require a resistor 
value of 100 ohms or larger. This is easily obtained 
and measured. 

The revised circuit diagram is given in Fig. 1. The 
cell current 


I = (V, Va)/ Roca 


where V, and V, are the voltages at points A and B 
and R,,, is the current-setting resistor. Thus accurate 
values of cell current and voltage are obtained from 
voltage measurements made with a calibrated oscil- 
loscope. In practice, the current calculation was 
made for the maximum applied pulse voltage, and 
thus the scale of the horizontal axis of the oscillo- 
scope presentation was established for a given com- 
bination of maximum voltage and R,,.. Inspection of 
Fig. 1 shows that the voltage developed across the 
entire electrolytic cell is measured at B while that of 
the anode alone is measured at C by means of a ref- 
erence electrade. Cathode voltage is measured by 
taking the entire cell voltage at B while using an 
anode which is so large that it is unpolarized during 
current flow. However, in the case of either anode or 
cathode measurements the counter electrode is un- 
polarized. 

Figure 1 shows four IN252 diodes connected in 
series with the cell circuit. These were required in 
order to reduce the minimum cell current to a negli- 
gible value. Thus a reduction to 10° amp was effected 
with a loss of only 2.4 v or 5% of the maximum 
available pulse amplitude. 

Four more IN252 diodes are shown connected to 
the pulse generator output in series with a re- 
sistance to ground equal to the R,,., value in the cell 
circuit. This duplication of the cell circuit equalizes 
the starting times of the vertical and horizontal oscil- 
loscope input voltages, preventing the introduction 
of nonlinearity or heel at the start of the X-Y trace. 
It was necessary to switch the 93 ohm internal load 
into the output circuit of the pulse generator in order 
to avoid excessive voltage build-up (and consequent 
high minimum cell current) under no-signal condi- 
tions when the high forward breakdown resistance 
of the diodes constitutes the only output circuit load. 
(The output step attenuator load was not used be- 
cause maximum output was required.) 

A set of relay contacts was connected in the plate 
supply lead of the pulse-forming unit of the gener- 
ator so that the maximum pulse can be removed im- 
mediately from the cell circuit at the end of an in- 
creasing-amplitude sweep. This is done as shown in 
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starting 
PUSHBUTTON 


Fig. 2. Motor drive circuit for pulse generator amplitude 
control including pulse cutoff relay. 


PULSE GENERATOR OUTPUT 
(MOTORIZED SWEEP 0 TO-Sov) 


10K 
R240 
OR SweeP 
AMPLIFIER 
sw APPROX 


Fig. 3. Modification of Tektronix Model 535 oscilloscope 
sweep amplifier circuit to permit introduction of external signal. 


Fig. 2 by connecting the relay coil in parallel with 
the motor driving the pulse amplitude control to give 
the necessary voltage sweep. A manually operated 
switch shorts these contacts when testing or when 
operating at fixed amplitudes. Also shown in Fig. 2 
are the minimum and maximum limit microswitches 
installed on the drive mechanism and the starting 
pushbutton. The motor was provided with an auto- 
matically reversing clutch. 

Figure 3 shows the minor modification that was 
made to the Model 535 Tektronix oscilloscope used 
for this project, to provide the horizontal amplifier 
input needed for our purpose. With the aid of the 5X 
Sweep Magnifier switch, a 50-v pulse applied at the 
10,000 ohm resistor gives a horizontal displacement 
to the sweep of about 7% cm. At this point we found 
that a positive pulse applied to the positive-going 
sweep caused a bad overlap in the display. Fortu- 
nately, the use of a negative pulse solved this prob- 
lem, but at the same time completely reversed the 
presentation. “Normal” display was then restored 
by reversing the polarity of the connections to the 
oscilloscope plates. 

Description of equipment.—The pulse generator 
used in this setup is the Model 3450 C manufactured 
by Electro-Pulse, Inc. It was chosen for its excellent, 
wide-range specifications, but it had one outstanding 
deficiency which had to be overcome for this applica- 
tion, namely, it lacked a suitable continuously vari- 
able output amplitude control. Considerable experi- 
mental work was carried out before a solution to this 
problem was found. The original circuit provided a 
constant-impedance, step-attenuator, coarse ampli- 
tude control at the output terminal supplemented by 
a continuously-variable fine or “fill-in” control 
which covered the range between attenuator steps by 
changing the supply voltage to the pulse-forming 
circuitry. It was found that the range of action of the 
fine control could be extended to almost 100% ampli- 
tude and still hold a usable square pulse at lengths 
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up to approximately 10 usec. Longer pulses suffered sweep SweeEP 
deterioration due to overshoot that could be cor- <eh— 
rected at a given amplitude but not throughout the r 
amplitude range. The cathode-follower output stage . | 
of the pulse-forming unit appeared to be a likely yo 
control point and it turned out that a potentiometer 
substituted for the cathode resistor provided the de- sli seer 


sired control of long pulses (10-1000 usec) although 
it seriously affected the rise time of shorter pulses. 
Hence, for pulses up to 10 usec the amplitude fill-in 
control was driven, whereas for longer pulses the 
potentiometer which was substituted for the cathode 
resistor was used. 

A General Radio Model 908-P1 clock-motor dial- 
drive unit operating at 4 rpm was mounted on a 
supporting bracket and used to drive the pulse-am- 
plitude controls. The starting pushbutton, limit mi- 
croswitches, and pulse cutoff relay were also 
mounted on this bracket. 

The oscilloscope used to display the desired plot 
must have a triggered sweep and a means of trigger- 
ing it at any required delay time following the signal 
pulse. The Tektronix Model 535 is such an instru- 
ment. In addition, however, it must also have an ac- 
cessible connection to the horizontal amplifier to 
provide the X-axis for the display. The required 
modification was performed as mentioned in the 
circuit-design «>rtion of this paper. Needless to say, 


any useful se must have highly linear de- 
flection a: insure accuracy of measure- 
ments an 

Measu7 od.—The novel feature of the 


electrode n. ents herein described lies in the 
method of visual display of simultaneous values of 
cell current and voltage by means of a pulsed X-Y 
presentation. The pulse voltage appearing across the 
cell is applied to the normal vertical deflection sys- 
tem of the oscilloscope while a portion of the gen- 
erator pulse voltage is applied to the horizontal de- 
flection system, superimposed on the regular time 
base, as a measure of cell current under constant- 
current conditions. By using the sweep-delay circuits 
available in the specified oscilloscope, any point on 
the pulse can be selected as the start of the delayed 
sweep, the vertical deflection of the starting point 
corresponding to the cell voltage and the horizontal 
deflection corresponding to the cell current. As the 
applied pulse voltage is changed, a family of such 
curves is obtained, the locus of the starting point of 
the delayed sweep tracing the desired X-Y display. 
If the pulse voltage is swept through a suitable am- 
plitude in a fraction of a minute, a conveniently 
rapid and accurate plot will be produced on the oscil- 
loscope screen where it can be readily photographed 
with a Polaroid Land Camera attachment. 

The development of the display on the Tektronix 
Model 535 oscilloscope is shown in Fig. 4. With no 
horizontal input applied, the pulse appears as in 
curve (a) when set up on the delaying sweep. The 
heavy-line portion shows the intensification pro- 
duced by adding the main sweep, triggered after a 
particular delay time, t. Curve (b) shows the inten- 
sified portion obtained by displaying the main sweep 
alone. It will be noted that the vertical position of 
the start of the main sweep is determined by the 


dtl. 


(C) MAIN SWEEP DELAYED 
PLUS HORIZONTAL PULSE 


(0) MAIN SWEEP DELAYED 
PLUS SWEEPING PULSE AMPLITUDE 


Fig. 4. Development of visual display 


pulse voltage existing at the vertical amplifier input 
at the instant the sweep is triggered. If a portion of 
the pulse voltage representing current is now applied 
to the horizontal sweep it will cause a proportional 
horizontal deflection 1 as shown in curve (c). Since 
both vertical and horizontal deflection signals are 
derived simultaneously from the same pulse, the 
locus of the start of the delayed main sweep gives 
the desired X-Y presentation at any given time t 
after the start of the pulse. This is shown as the line 
ab in curve (d). 

The more customary time-base plots exemplified 
in Fig. 10-12 are unusual in that the use of ampli- 
tude sweep permits the display of a whole series of 
pulses in a single presentation. This facilitates com- 
parison of pulse shapes at different amplitudes, mak- 
ing it easier to locate accurately and identify sig- 
nificant changes resulting from the polarization re- 
actions. It should be noted that by this means a 
fairly rapid pulse amplitude change can be effected 
and the results thereof displayed without the com- 
plication of the large displacement currents that 
occur when a fast, continuously changing current 
(sawtooth) is applied. 

With the Model 3450 C pulse generator it is pos- 
sible to vary the pulse-spacing time from 0.5 to 
500,000 usec. By the use of a sufficiently fast pulse 
repetition rate (short pulse-spacing), the cel! voltage 
traces include and depict the polarization effects of 
previously applied pulses. However, these effects 
may also be eliminated by choice of suitably long 
pulse-spacing. Short pulse-spacing operation permits 
accurate display of systems in which the chemical 
composition of the electrode/solution interface is a 
function of the total number of coulombs applied 
(e.g., the formation of oxide films). Long pulse- 
spacing operation is employed in the study of sys- 
tems permitted to return to equilibrium potential 
before the application of the succeeding pulse (e.g., 
overvoltage phenomena). 

In practice, the pulse-repetition rate is adjusted 
according to the mode of operation and pulse length 
desired. A slow rate normally would be used with the 
time-base presentation in order to display the in- 
dividual pulse traces. On the other hand, a fast rate 
is desirable for the X-Y presentation in order that 
the succession of E/I points may trace a smooth 
curve. Changing the delay time by means of the de- 
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lay time multiplier dial control enables the operator 
to explore electrode voltage-current relationships at 
any time of interest after the start of the pulse. 

This method of measurement offers a unique com- 
bination of advantages which permits solving sev- 
eral problems that have plagued research workers 
in this field to date and which make it a powerful 
and promising tool for further investigation. In par- 
ticular, by completing its automatic and accurate 
series of observations in less than 15 sec, it eliminates 
errors that accompany visual observation when at- 
tempting simultaneous readings on separate dis- 
plays, it minimizes various drift and sample-change 
errors inherent in long-time measurements, and by 
means of a Polaroid Land Camera attachment it 
produces a permanent record in a very short time, 
permitting detailed study thereafter. Furthermore, 
the effect of experimental changes and adjustments 
can be determined quickly and accurately without 
recourse to tedious point readings, tabulations and 
plots. 

Compared with the common X-Y presentation 
using a simple sawtooth applied voltage where a 
fast voltage sweep must be used in displaying a fast 
reaction, the X-Y pulse method achieves far greater 
accuracy. In the case of a fast continuous voltage 
sweep large displacement currents caused by the 
rapidly changing sawtooth applied voltage and/or 
by high cell capacitance will mask the desired cur- 
rent changes due to changing electrode parameters. 
Obviously, overvoltage studies by means of the saw- 
tooth X-Y presentation are hindered by the presence 
of these displacement currents and by the problem of 
nullifying their effect. This severely limits the useful- 
ness of the method, since there is no direct and ac- 
curate means available to dissociate the faradaic 
and the displacement currents in such measurements. 


Hydrogen Reaction on Platinum 


When a constant-current pulse is applied to a 
platinum electrode in a hydrogen-saturated acid so- 
lution several simultaneous events occur. If the rates 
of each of these events are different enough and the 
measuring resolution is adequate, the effect of each 
event can be separated during the transient period. 
Assuming that diffusion effects have been minimized, 
these events are™ 


(i) The IR drop due to the solution resistance, 
R,..., between the platinum and nonpolariz- 
able counter electrode. 


The charging of the double-layer capaci- 
tance, C. 
The discharge/ ionization reaction 


The combination/dissociation reaction 
—2 
2H = H, 
2 


The direction of steps (iii) and (iv) depends on the 
direction of flow of the constant-current pulse. H’ 
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and H represent hydrated hydrogen ions and ad- 
sorbed hydrogen atoms, respectively. 

The rate of event (i) is the fastest and it depends 
only on the rate of formation of the current pulse 
because the distributive capacitance of the solution 
is extremely small. The second fastest event is un- 
doubtedly the charging of the double-layer capaci- 
tance. Its rate depends on the value of C and the im- 
pedance, R,, of faradaic reaction. Previous (2-5) 
steady-state overvoltage studies of the hydrogen re- 
action on platinum have shown that event (iv) oc- 
curs at much slower rate than that of event (iii). The 
exchange-current density, i,., of the combination/ 
dissociation reaction was found to be (4) 0.00152 
amp/cm’*. This means that at equilibrium 9.5 x 10’ 
H atoms/cm’ of electrode surface are exchanged with 
4.75 x 10° H, molecules per usec. Hence for low-am- 
plitude current pulses, which give overvoltages not 
far removed from the equilibrium potential, the 
amount of the combination/dissociation reaction 
which takes place during current pulses as long as 
1000 usec is negligibly small. However, at relatively 
high overvoltages the rate of the combination/dis- 
sociation reaction increases and may become sig- 
nificant at pulse durations even shorter than 1000 

From these considerations we can conclude that 
at low overvoltages and at pulse durations up to 
1000 usec, virtually the only chemical reaction oc- 
curring on the Pt electrode is the discharge/ioniza- 
tion reaction. The combination/dissociation reaction 
may come into effect only at high overvoltages and 
at the longer pulse duration times. By limiting the 
length of the constant-current pulses one can limit 
their effect to the first three events listed. The pur- 
pose of this investigation was to effect a quanti- 
tative separation of these three events. 

Derivation of kinetic equations.—Using the type of 
equivalent circuit of the electrode/solution interface 
proposed by Gerischer (6) and Grahame (7), the en- 
tire circuit for a cell with a nonpolarizable counter 
electrode can be represented as shown in Fig. 5. Here 
R,., represents the current-setting resistance, which 
in practice has a value at least 100 times that of the 
solution resistance, R,,,, plus the faradaic resistance, 
R,. The faradaic ‘resistance represents impedance to 
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the flow of faradaic current caused by the rates of the 
electrochemical and chemical reactions. At the Pt 
electrode a constant current-density pulse, i, at the 
electrode/solution interface is divided into two parts, 
the capacitive current density, i., and the faradaic 
current density, i,. The double-layer capacitance at 
the Pt electrode/solution interface is C. The part of 
the circuit observed on the oscilloscope screen is as 
indicated in Fig. 5. In this investigation, potential 
change is measured with reference to the equilibrium 
potential of the Pt/H, electrode in the same solution. 
Since the net faradaic reactions are the formation or 
ionization of hydrogen, the measured polarization 
potentials across the electrode/solution interface 
will be the hydrogen overvoltage, 7. 

When a pulse is initiated, the potential across the 
circuit after time t can be represented 


E = iRyia + + 
E = iR,.4 + iR f idt 


Applying Kirchoff’s law at point M, i = i. + i,. Solv- 
ing these simultaneous equations and integrating the 
resulting differential equation, we obtain 


1 [ t ( 1 1 ) 
= 1 — ex t+ 


In order to obtain a constant-current pulse, R,.4 + 
R,.,, >> R, and the above equation then reduces to 


7 = iR,[1 — exp(—t/R,C) ] [1] 


Equation [1] is analogous to the common electrical 
equation representing the potential change across a 
capacitance with time. However, in the electro- 
chemical case R, is a function of current and time. 
From Eq. [1] it is apparent that as t> « (steady- 
state condition), 7» = iR,. In other words, the capaci- 
tive current density, i., drops to zero and all of the 
current flow isfaradaic. 

Considering that (depending on the direction of 
current flow) the faradaic current density goes com- 
pletely to the discharge of hydronium ions or to the 
ionization of hydrogen atoms, 


1— 6, 
tics [ 0 exp (—an.F/RT) 


6. 
exp (1 — | cathodic polarization [2] 


6, 
[= exp (1 — a)y,.F/RT 


1— 6, 
1— 0, 


exp (—an,.F/RT) | anodic polarization [3] 


where i_,, i.,, and », are negative numbers (net ca- 
thodic reaction), i.,, i.., and y, are positive numbers 
(net anodic reaction); i, is the exchange current 
density, @, is the fraction of available surface cov- 
ered with active atomic hydrogen at equilibrium, @. 
and @, are the fractions of available surface covered 
with active atomic hydrogen under cathodic and 
anodic current flow, respectively, a, R, T, and F are 
the transfer coefficient, gas constant, absolute tem- 
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perature, and Faraday, respectively. Equations [2] 
and [3] assume that a Langmuir adsorption isotherm 
applies to actively adsorbed H atoms and H, gas 
and that the hydronium ion concentration in the 
double layer in pure acid solution is, as was shown 
by Frumkin (8), independent of current density. 

The faradaic resistance, R,, in Eq. [1] is equal to 
either »./i_, or »./i,,, depending on the direction of 
current flow. The values of i, given in Eq. [2] and 
[3] give substitutes for R, in Eq. [1]. These equa- 
tions describe both transient and steady-state rela- 
tionships between applied current density and the 
resultant overvoltage. The values of i», 6,, 0, and C 
must be determined. The exchange current density 
and @, presumably are constants. However, @ and 
C could be variable. 

Simple solutions for the exchange current density 
and the double-layer capacitance can be obtained by 
determining the relationships between overvoltage 
and current density near equilibrium. From Eq. [2] 
and [3], when 7 0, then @ ~ @, 


iy = 9F/RT 
and 


Here i,, is a positive number and the sign of » and 
i, depend on the direction of current flow. 
Substituting these values in Eq. [1] 


n= (iRT/i,.F)[1 —exp (—i,Ft/RTC)] [4] 


where the sign of i depends on the direction of cur- 
rent flow. When t is sufficiently large, the exponen- 
tial term in Eq. [4] will become negligibly small 
compared to unity. This means that i, > 0 and i = i,, 
therefore 

n = iRT/i..F [5] 


Equation [5] can readily be solved for i,,. Equation 
[4] can be solved for C to give 
Ca [6] 
2.3RT log [1 — (innF/iRT) ] 
When t is sufficiently large, i = i, = i.»7F/RT and the 
log term will be equal to zero. Physically this means 
that the double-layer capacitance has no effect on 
the circuit shown in Fig. 5 when this condition exists. 
In this case all of the current will go to the faradaic 
reaction. Equation [6], therefore, is meaningful only 
in the transient region where i#i,. If charging of 
the double layer proceeds at a much faster rate than 
the discharge/ionization reaction, then if t is suffi- 
ciently small, i ~ i.,. 
At sufficiently high overvoltages, the reverse re- 
actions indicated by the second exponential terms in 
Eq. [2] and [3] will become negligibly small. Hence, 


6. 
iy = in exp (—an.F/RT) [7] 
6. 
te exp (1 — a)y,.F/RT [8] 


Overvoltages divided by these values of i, can be 
substituted for R, values in Eq. [1]. At sufficiently 
large t we obtain, when a = \% and T = 301°K, 
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0.121 [ | [9] 
e Oo ° 
tin l 6. 


i, 6, 
ne = 0.12 log | [10] 


Experimental Technique and Observations 


The Teflon cell (9) and the purification techniques 
(2,3) were the same as used previously. The plati- 
num (99.99%) bead electrode had an apparent area 
of 0.1 cm* and was immersed in 1M sulfuric acid 
solution stirred with purified hydrogen flowing at a 
rate of at least 400 ml/min. (In this paper all areas 
are in terms of apparent areas.) The ambient tem- 
perature was 28° + 1°C. After activating the Pt elec- 
trode by anodic polarization at about 5 ma for a few 
minutes and allowing the Pt/H. equilibrium poten- 
tial to be reached, the cell was connected to the pulse 
circuit as shown in Fig. 1. The counter electrode for 
either anodic or cathodic measurement was so large 
that its polarization was negligible. 


The standard resistance, R,,,., used in these meas- 
urements was 300 ohms. When added to the solution 
resistance, R,,,, of 2.5 to 3 ohms, this value of R,.4 
provides a virtually linear current to pulse ampli- 
tude relationship because the faradaic resistance, R,, 
is too small to affect the total circuit resistance ap- 
preciably even though it does vary with current 
density. While such variations or electrode polariza- 
tion losses thus cause less than 1% change in the 
pulse current, giving “constant-current” operation, 
the change in cell voltage resulting therefrom is 
great enough to be displayed readily on an oscillo- 
scope screen. The current density-voltage curves ob- 
tained in this manner were enlarged by projection 
with a slide projector and traced on graph paper. 
Current density-voltage measurements were made 
also from the original photographs using a Jones 
and Lamson Comparator and Measuring machine. 
With this machine, measurements can be made with 
a precision of 0.0001 in. 


The maximum pulse amplitude was 54 v. Thus the 
pulse sweep gave cell current pulses ranging from 
zero to approximately 180 ma in about 13 sec. The 
repetition rate of the pulses was set so that enough 
time elapsed between them for the working Pt elec- 
trode to return essentially to its equilibrium poten- 
tial before the initiation of a succeeding pulse. For 
example, the pulse-spacing time for cathodically 
polarized Pt was normally 5x10’ usec at pulse lengths 
from 0.2 to 8 wsec and 5 x 10° usec at pulse lengths 
from 10 to 1000 ywsec. For anodic polarization the 
minimum pulse spacing for the short pulses was 
1 x 10° usec; for pulses from 1 to 10 usec in length the 
pulse spacing was increased to at least 5 x 10° usec; 
and for pulses above 10 ysec, the pulse spacing 
ranged from 1 x 10° to the maximum available pulse- 
spacing time of 5 x 10° usec. Anodic polarization at 
maximum current using 300 usec pulses evidently re- 
sulted in the formation of some oxides or oxygen, 
and there was not enough time between pulses for a 
complete return to the hydrogen equilibrium poten- 
tial. This was not a problem, however, because these 
were limiting anodic current densities. 
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The oscilloscope calibration is checked carefully 
from time to time. The accuracy of the over-all X-Y 
pulsed system is also checked periodically by means 
of a synthetic cell circuit made of calibrated com- 
ponents. 

Experimental Results 


The solution resistance was determined from the 
initial slope of current density-voltage curves at 
sweep-delay times (time after current pulses were 
initiated) from 0.2 to 0.5 wsec. These values checked 
very closely, and no evidence of a significant amount 
of electrode polarization was found. The R,,,, for 
anode and cathode measurements using the circuit 
shown in Fig. 1 was 2.55 and 3.03 ohms, respectively. 
Current density-voltage curves at all sweep-delay 
times were then corrected for the IR drop resulting 
from these solution resistances. The corrected curves 
then represented activation overvoltage, ». Faradaic 
reactions were separated from effects due to charging 
the double layer by plotting the slopes of current 
density-overvoltage curves as close as possible to 
the equilibrium potential. Figure 6 shows the rela- 
tionship between these slopes, (i/m) and the 
sweep-delay time t. This plot shows that within the 
first 10 usec after the current pulses were initiated, 
essentially all of the current goes to charging the 
double layer. After 10 usec, (i/n) 4 is independent 
of time, as predicted by Eq. [5]. This gives a sharp 
separation between the capacitive and the faradaic 
current densities. Hence, 


i ~ i, (in first 10 psec) 
i = i, (after 10 usec) 


Within the first 10 usec the double-layer capacitance 
can be determined from Eq. [6]. After 10 usec, how- 
ever, (dn/dt), = 0; hence i. = 0 and the exponential 
term in Eq. [4] and the log term in Eq. [6] will be 
reduced to zero. The fact that the capacitive part 
(first 10 usec) of the plot shown in Fig. 6 rises so 
sharply means that an exact determination of the 
double-layer capacitance would be very difficult. 
Calculated C values averaged roughly about 100 
pfd/cm’. 

From the horizontal portion of the curve shown in 
Fig. 6 we can calculate the exchange current density 
for the discharge/ionization reaction from Eq. [5]. 
Calculations give i,, = 0.13 + 0.02 amp/cm’. This 
value is almost 100 times that for the combination/ 
ionization reaction (3). The fact that i/y is inde- 
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Fig. 6. Slopes of current density-overvoltage curves near 
equilibrium potential. 
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Fig. 7. Anodic Tafel relations 
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Fig. 8. Cathodic Tafel relations 


pendent of t also shows that significant concentra- 
tion changes of reactants and products do not occur. 

Plots of log i vs. n for some typical results are 
shown in Fig. 7 and 8. The 1-10 wsec curves show 
primarily log i. vs. n relationships for the charging 
of the double layer. At times longer than 10 psec 
after initiation of the pulses, the curves represent 
essentially i, vs. 7 relations for the discharge/ioniza- 
tion reaction. The fact that sections of these curves 
obey a Tafel relation and have slopes close to 0.12 
v verifies, as is shown in Eq. [9] and [10], that the 
discharge/ionization reaction is being observed in 
this range. Extrapolation of the linear Tafel curves 
to zero 7 gives the i,, values shown in Table I. These 
values indicate that for the cathodic case and for 
the 30 usec anodic case, the i,, value is practically 
the same as that calculated from Eq. [5] and Fig. 6. 
The anodic 50-200 ywsec curves show evidence of a 
smaller i,, value. These i,,, values are about the same 
as those found by Dolin and Ershler (10) who deter- 
mined that i.,, = 0.088 amp/cm’. 
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Table |. Cathodic and anodic exchange current densities 


Cathodic 
Sweep delay in, 
time, amp/cm? 


Anodic 
Sweep delay icon 
time, usec amp/cm? 


30 —0.096 
50 —0.096 
80 —0.107 
100 —0.107 
300 —0.107 
500 —0.105 
800 —0.114 
1000 —0.107 


Equations [9] and [10] also indicate that the ratios 
(1—86.)/(1—8@.) and @,/@, are virtually constant in 
the Tafel range. The calculated value of these ratios 
is 1.07 and 1.8, respectively, in the linear Tafel re- 
gions where » is essentially independent of time at 
constant current density. At higher current densities 
the curves deviate from Tafel behavior. This is due to 
two effects. The first is that the (1 — @,)/(1— @.) and 
6./0, ratios are no longer constant because of rela- 
tively large changes in surface areas covered with 
atomic hydrogen. The second is that at long times 
after the initiation of current pulses the effects of 
the slower combination/dissociation reaction will in 
respect to cathodic or anodic polarization lower or 
raise the H atom concentration. The overshoots ob- 
served on these curves at large t and i reflect the 
interplay at relatively high overvoltages, of large 
changes in surface concentration of H atoms. This is 
caused by the effects of the combination/dissociation 
reaction and its tendency to lower the overvoltage 
strongly by changing the surface atom concentrations 
in the direction of the equilibrium values. Figure 9 
presents a picture from an actual cathodic run show- 
ing two overshoots. The sweep-delay time in this 
photograph was 1000 usec. 


Discussion 
The evidence that the (1—06,)/(1— 8.) and 
ratios are independent of current density in the Tafel 
regions shown in Fig. 7 and 8 is rather surprising, 
especially at the longer sweep-delay times. This is 
because under these conditions an appreciable 
amount of atomic hydrogen is either deposited or re- 


Fig. 9. Cathodic current-voltage curves with pulse sweep 
delay time of 1000 usec; pulse length = 2000 usec; pulse 
spacing = 0.5 x 10° usec; each space on ordinate = 0.2 v; 
each space on abscissa = 0.267 amp/cm’. 
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moved from the platinum electrode. Although the 
equilibrium ratio (hydrogen atom/Pt surface atom) 
is about unity, as shown by Ershler (11), Eucken and 
Weblus (12), Breiter, Knorr, and V6lkl (13) and 
further confirmed in this work by calculating the 
amount of hydrogen removed at the limiting anodic 
current density (see Fig. 7), we conclude that the 
number of hydrogen atoms which are active enough 
to enter the exchange reaction at equilibrium must 
be very small. After these active hydrogen atoms 
are removed by ionization, a higher potential is re- 
quired to remove the more strongly bonded hydrogen 
atoms. These tightly bonded atoms may be associated 
with the surface and/or be absorbed in a surface 
layer in a way analogous to the formation of a Pd-H 
alloy. In any case, it is apparent that there is a 
tendency for each effective atom concentration to 
remain fairly constant in the Tafel ranges. Beyond 
the Tafel ranges, the effective surface coverage does 
appear to change significantly, and the effect of the 
combination/dissociation reaction also comes into 
play. 

Because of the constancy of the ratios (1 — 6,)/ 
(1— @.) and @./@, in the Tafel region one might con- 
clude that the discharge/ionization reaction is fol- 
lowed by a much faster combination/dissociation 
reaction. This would explain both the Tafel slope of 
0.12 and the constant value of 6. The weakness of this 
argument, however, is obvious for at least two rea- 
sons. The first is the fact that the Tafel regions of 
0.12 slope are too limited. If the combination/dis- 
sociation reaction were very fast, then one would 
certainly expect that the Tafel slope would extend to 
the maximum current densities used. The second 
reason for disallowing the fast combination/dissoci- 
ation mechanism can be seen in Fig. 10 and 11. These 
pictures show the relation between overvoltage and 
time when a series of ever-increasing constant-cur- 
rent pulses are applied to a working Pt electrode. 
Here one can see that the overvoltage build-up when 


Fig. 10. Anodic polarization with a series of 300 usec 
pulses; each space on ordinate = 0.2 v; pulse spacing = 5 x 
10° usec; maximum current pulse = 1.8 amp/cm’*. Note: The 
direction of the time scale on this and succeeding oscilloscope 
traces is reversed from its normal direction. Zero time is on the 
right hand side of the pulses. The time scale reads from right 
to left. 
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Fig. 11. Cathodic polarization with series of 1000 usec 
pulses; each space on ordinate = 0.2 v; pulse spacing = 5 x 
10° usec; maximum current density = 1.8 amp/cm’. 


Fig. 12. Anodic polarization with series of 20 usec pulses; 
each space on ordinate = 0.1 v; pulse spacing = 5 x 10° 
usec; maximum current pulse = 1.8 amp/cm’. 


the pulse is turned on is much faster than the over- 
voltage decay when the pulse is shut off. This means 
that the spontaneous open-circuit return to equi- 
librium is much slower than the displacement from 
equilibrium when current is applied. If a combina- 
tion/dissociation reaction or a diffusion mechanism 
were involved, then the rates of these steps would be 
independent of current switch. The most likely rea- 
son for the lag in polarization decay is that hydrogen 
atoms which are formed or ionized during current 
flow must then be removed by formation of mole- 
cular hydrogen or replaced with hydrogen atoms 
from dissociation of molecular hydrogen. If this com- 
bination/dissociation reaction is so slow that it does 
not occur appreciably in the pulse times used, then 
the observed lag in overvoltage decay should take 
place. It should also be noted that polarization decay 
times for the case of anodic polarization shown in 
Fig. 10 are much slower than for the case of cathodic 
polarization shown in Fig. 11. An explanation of this 
which also fits in with the constancy of the (1 — @,)/ 
(1—8@.) and @,/0, ratios in the Tafel ranges is that 
after most of the active hydrogen atoms are removed 
by ionization the potential rises and tightly bonded 
hydrogen atoms become active and are ionized. When 
the current is shut off at the end of the pulse, the rate 
of formation of these tightly bonded or dissolved H 
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atoms is slower than the dissociation of hydrogen 
molecules. In the case of cathodic polarization the 
excess hydrogen atoms become tightly bonded under 
the potential field applied, and when the current is 
removed these excess hydrogen atoms are quickly 
desorbed as hydrogen molecules are formed. These 
effects also support the analogy to the Pd-H alloy 
previously mentioned. It has been shown in several 
investigations (14) that, although the spontaneous 
absorption of hydrogen in palladium is slower than 
its desorption, the desorption can be accelerated and 
H atoms can be removed quantitatively by anodic 
polarization (15). 

Close examination of the cathodic polarizing pulses 
shown in Fig. 11 will disclose traces which slope 
downward. These pulses have occurred after break- 
ing the plate and screen circuits of the pulse gener- 
ator output stage with the cutoff relay contacts at the 
end of an increasing-amplitude sweep. The high 
power output tubes do not cease functioning quickly 
enough to avoid this effect. The contacts were then 
transferred to the pulse-forming stage as explained 
in the circuit design section of this paper, where the 
pulse was removed at the source. This arrangement 
was effective and subsequent photographs do not 
show such traces. 

The wave effect observed for the current pulses 
for a Pt anode shown in Fig. 10 was first observed 
by Slygin and Frumkin (16) and later by Breiter, 
Knorr, and Volkl (13) in curves showing anodic 
charging in sulfuric acid solutions. An adsorption 
capacitance, C,, can be associated with these waves. 
Thus when d7y/dt is large, C, will be relatively small; 
and when dy/dt reaches a minimum as it does in the 
arrest or plateau between each wave, C, will reach 
a maximum. Such capacitance peaks were observed 
by Dolin and Ershler (10), Eucken and Weblus (12), 
and Breiter, Kammermaier, and Knorr (17) by 
means of a-c impedance measurements. The effect 
of these capacitance peaks can also be seen in the 
curves shown in Fig. 7. The 80, 100 and 200 usec 
curves coincide in the Tafel region because these 
times fall on the first plateau (from the right-hand 
side) where there is little change in » with time. The 
30 and 50 usec curves lie in the region where 7 is 
strongly dependent on time. 

The fraction, 6, of available surface covered with 
adsorbed hydrogen atoms equals the number of H 
atoms/cm* divided by the number of available sites/ 
cm’. A previous study (2) indicated that the surface 
roughness factor for a Pt electrode prepared in the 
manner used in this investigation was about 2. As- 
suming that the number of available sites is equal to 
the number of Pt atoms on the surface, then we can 
estimate that the number of available sites per ap- 
parent cm’ on the Pt electrode is close to 2 x 10”. For 
the case of anodic polarization 


number of H atoms ionized/cm* 
2 x 10” sites/cm’ 


0. = 


Since the number of atoms ionized is equal to qN,/F, 
where q is the number of coulombs/cm, and N, is 
Avogadro’s number, 
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dq/dé, = —2 x 10"F/N, 
Hence 


—2x 10°F dé, 


C, = dq/dy, = N =< 


[11] 


On the basis of a Langmuir adsorption isotherm, 
we can define the equilibrium potential, E.,, of a hy- 
drogen electrode as 


E,, = + (RT/F) In [@,./(1 — 4.) ] 


Hence at overvoltages near equilibrium, the follow- 
ing approximate relationship applies: 


6, 1— | 
1 — 6, 6. 
Differentiating this expression with respect to » and 


6., first allowing 0, then 6, > @,, we obtain 


(dn/dé.) = —RT/F(0, — 


n = (RT/F) In 


[12] 
Combining Eq. [11] and [12], 
0, — 0.2 = RTN,C,/2 x 10°F’ [13] 
At 28°C, 
0. — 0.” = 80.83 C, [13a] 

The adsorption capacitance was determined near 
equilibrium by means of voltage-time traces for 
short current pulses. The calculation of C, in this 
region was simple because a linear relation between 
overvoltage and time was observed experimentally 
(see Fig. 12 for an example of this). Thus C, = iAt/ 
An. The average value of C, found under these con- 
ditions was 530 ufd/cm’*. The calculated @, values are 
0.955 + 0.008 and 0.046 + 0.005. Since Eq. [13] gives 
two solutions for @,, it is necessary to determine 
which solution is physically the more reasonable one. 
Eucken and Weblus (12) showed that maximum 
capacitance was obtained, using a relationship equi- 
valent to Eq. [13], when 6, = 0.5. From this one 
could reason that since in Eq. [13] the maximum 
calculated C, = 3100 uwfd/cm’, and since C,, as shown 
in Fig. 10, increases as the overvoltage reaches its 
first plateau, then @, must have a value greater than 
0.5 and indeed must be nearly equal to unity. This 
viewpoint has been accepted by Breiter and co- 
workers (13,17,18). There are strong indications, 
however, that this interpretation of @, may not be 
tenable. In the first place, Eq. [13] is only valid when 
7 0 and 6,—> @,, that is, in the vicinity of equilib- 
rium. Eucken and Weblus use this relationship in a 
potential region far enough removed from equilib- 
rium to have doubtful validity. However, the trend is 
probably correct. Second, assume that @, at equilib- 
rium is equal to 0.046 and also that a second 6, of 
higher value occurs at the first plateau above the 
equilibrium potential, This may impress one initially 
as unreasonable, but it will be shown that it does 
happen. Then using the same line of reasoning fol- 
lowed by Eucken and Weblus, one would conclude 
that 0.046 is the correct value for @,. 

The experimental results obtained in this investi- 
gation indicate that for the 80-200 usec curves 6,/6, 
apparently remains constant in the Tafel region. 
However, it should be remembered that the anodic 
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80-200 usec Tafel slopes of Fig. 7 primarily represent 
ionization of H atoms in the region of the first plateau 
beyond the equilibrium potential, as confirmed in 
Fig. 10 and by i,,, values in Table I. Figure 10 shows 
that the active hydrogen atoms at the equilibrium 
potential are removed by the application of a rela- 
tively small charge and that the potential rises to the 
first plateau where a significantly larger number of 
more strongly bonded H atoms are activated. This 
means that the @, value at this plateau is higher than 
the @, value at zero voltage. As this and other work 
(12, 13,17) have shown, the amount of atomic hy- 
drogen removed with anodic polarization is very 
close to one atomic layer. This again would seem to 
imply that @, ~ 1. However, our results show that 
with cathodic polarization, enough hydrogen atoms 
can be deposited on the surface to give just about an- 
other complete atomic layer before evidence of re- 
moval by combination is apparent. This means that 
up to two atomic layers may be adsorbed on the sur- 
face and normal Tafel behavior for the discharge 
mechanism will still be observed. It is difficult to 
comprehend the meaning of a double atomic layer in 
terms of the Tafel relation unless something like a 
Pt-H alloy is formed which has H atoms adsorbed on 
its surface. 


Evidence indicating that hydrogen exists in both a 
weakly and a strongly bonded state on platinum 
has been shown by several workers (19-21). Pliskin 
and Ejischens (21) concluded from their infrared 
measurements that the bonding of the two species of 
H atoms could be represented as: 


H. H, 
(a) | or (b) | 
Pt - H.- Pt 


Here the bonding of H, (weakly bonded H atoms) 
to Pt is essentially covalent while H, (strongly 
bonded H atoms) are bonded between two Pt atoms 
by (a) single electron bonds or else by configuration 
(b) where the dotted lines represent a modifying 
effect. These authors further concluded that the 
strongly and weakly bonded forms do not become 
equivalent after adsorption of the weakly bonded 
form. The factors which produce strongly bonded 
H atoms are related to the geometry of the Pt atoms 
and are not eliminated by adsorbing a second H atom. 


Sachtler and Dorgelo (22) found that hydrogen is 
absorbed in the lattice of a thin Pt film at tempera- 
tures as low as —210°C. Baranowski and co-workers 
(23) showed that for cathodically polarized poisoned 
nickel wires there was a high degree of saturation 
with absorbed hydrogen in a relatively thin super- 
ficial layer. In fact, the atom ratio of H/Ni in this 
thin layer corresponded to about 0.7, which just 
about corresponded to the number of positive holes 
per atom of nickel. This indicated that the outer 
layer of nickel behaved in a way similar to the Pd-H 
system. It is conceivable that platinum could in like 
manner have a saturated layer of Pt-H alloy. Re- 
cently, Franklin and Cooke (24) also indicated that 
hydrogen is absorbed in Pt but as H,’ rather than as 
protons in a Pt-H alloy as is postulated here. 
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This explanation is further substantiated by the 
evidence shown in Fig. 10. The change in over- 
voltage with the number of coulombs added to the 
system indicates that ionization of hydrogen takes 
place in three separate steps. The first occurs at the 
equilibrium potential. Here, active H atoms are in 
rapid equilibrium with hydrogen gas and hydronium 
ions in solution. With anodic polarization, at the 
maximum current density of 1.8 amp/cm’, the over- 
voltage quickly rises to a plateau with 7 ~ 0.12 v 
positive with reference to the equilibrium potential. 
The total number of atoms ionized when this first 
plateau is reached is about 0.5 x 10°, which means 
that about % of the total amount of hydrogen as- 
sociated with the platinum is removed. The potential 
at the first plateau is high enough so that other 
differently associated H atoms can be ionized. Be- 
tween the first and second plateaus, at an » value of 
about 0.26 v, approximately 1 x 10° H atoms are 
ionized. This represents about % of the total amount 
of hydrogen associated with the Pt at equilibrium. 
From the second plateau to the limiting current den- 
sity, approximately 0.4 x 10” H atoms are ionized. 
This represents about 1/5 of the total amount of 
hydrogen associated with the Pt at equilibrium. The 
fact that only a small part of the hydrogen associated 
with the surface at equilibrium can be ionized near 
the equilibrium potential indicates that the effective 
@, is closer to 0.046 than 0.96. If this were not so, one 
would expect only one plateau (or gradient) near the 
equilibrium potential, and all of the H atoms would 
be reactive at zero overvoltage. The anodic waves 
show, in effect, a series of three potentials at which 
hydrogen differently associated with the Pt can react. 
In fact( Eucken and Weblus (12) concluded that the 
exchange current density for each of these potential 
regions would be different because of the difference 
in adsorptive energies of the H atoms. This is con- 
firmed by the values of i,, shown in Table I. These 
cathodic i_,, values plus the curves in Fig. 8 show that 
the same mechanism and i.,, values hold from zero 
overvoltage to the end of the Tafel slope. The 30 usec 
anodic i... value is about the same as the equilibrium 
value. However, the 50-200 usec i,,, values are sig- 
nificantly smaller and indicate that in the region of 
the first plateau the reaction rate constant is smaller 
than the equilibrium value. It is also evident that 
different @, values are associated with the three 
different anodic potential regions and that the @, 
value at equilibrium would be closer to 0.046 than 
0.96. 

An alternate explanation for 6, behavior is also 
possible. @,, as used in the kinetic equations, may not 
be constant at some potential sufficiently far re- 
moved from the equilibrium potential, but may be a 
function of the degree of surface coverage. If the 
surface coverage is reduced by anodic polarization, 
@, may decrease because of the increase in the heat 
of adsorption of hydrogen atoms. The ratio @,/6, 
would remain effectively constant in the Tafel region 
up to a potential of approximately 0.12 v, which is 
the value of the first potential plateau (maximum 
current density) shown in Fig. 10. A similar argu- 
ment would hold for the Tafel region exhibited by 
cathodic polarization. A strong argument against this 
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model is that anodic polarization shows three po- 
larization regions. If 6, were dependent on surface 
coverage, one would normally expect a continuous 
variation from equilibrium to the limiting current 
density, which would obey a single adsorption iso- 
therm such as a Temkin isotherm. The three po- 
larization regions appear to be more indicative of 
three different substances (differently associated 
hydrogen with Pt) reacting at their respective oxi- 
dation potentials. With cathodic polarization, polar- 
ization waves do not occur because the hydronium 
ions at the interface are equivalent to one another. 
However, even in the cathodic region additional hy- 
drogen can be associated with the surface under an 


increased overvoltage, as it does in the two-phase © 


a and 8 Pd-H alloy in which an increased amount of 
hydrogen does not effectively change the surface 
concentration or potential. This theory would also ex- 
plain the overshoots observed in Fig. 9 which reveal 
a decrease in » with time. These pulses may reflect a 
saturation of the Pt-H alloy with atomic hydrogen 
from repeated pulsing. The decay of the Pt-H alloy 
may not be complete in the time interval between 
pulses, but this would have a negligible effect on the 
initial potential before each new, higher-amplitude 
current pulse is applied. When additional current 
pulses are applied, oversaturation of the alloy may 
trigger a rapid combination reaction which would 
lower both the surface and the alloyed atomic hy- 
drogen. 


In this investigation of the hydrogen reaction on 
platinum we have been able to resolve the effects 
of the resistance overvoltage, the charging of the 
double layer, and the discharge/ionization reaction. 
In the time interval between approximately 10 and 
1000 usec from the start of a current pulse, the dis- 
charge/ionization reaction remains effectively in a 
dynamic steady state. That is to say, the times in this 
range are too long for the double-layer capacitive 
current density to be significant and too short for the 
combination/dissociation reaction to occur at an ap- 
preciable rate. This study has indicated the effective- 
ness of the X-Y pulse technique, even at a compara- 
tively early stage of development. With more ex- 
perience and improved equipment, one should be able 
to extend the sweep-delay times in both directions. 
It would certainly be important in the study of very 
fast reactions to be able to obtain current density- 
overvoltage sweeps at times as short as 0.05 psec 
after the current pulses are initiated. An increase in 
the maximum available amplitude of the constant- 
current pulses would be useful. These desiderata de- 
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mand an even more versatile pulse generator and 
oscilloscope than those used. Instruments such as 
these are already on the market and further work 
on this project is planned as soon as the most ap- 
propriate models can be selected and obtained and 
used. 
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Technical Notes 


Effects of Saccharin on the Structural and Magnetic 
Properties of lron-Nickel Films 


R. S. Smith, L. E. Godycki, and J. C. Lloyd 


International Business Machines Corporation, San Jose, California 


The coercive force H, of electrodeposited iron- 
nickel films is reduced when small amounts of sac- 
charin’ are dissolved in the plating bath (1). It is the 
purpose of this paper to report the influence of sac- 
charin on those properties of the film which are ex- 
pected to influence H,. The properties investigated 
include surface roughness (2,3), crystal size (4), 
strain (5), and gas content. The influence of these 
structural properties on H, is discussed in the litera- 
ture. 

Thon (6) reported that the addition of compounds 
other than saccharin* increased gas content in the 
films. Since much of the gas was N., he concluded 
that this increase was due to direct absorption of the 
organic compound into the film although occluded 
hydrogen was reduced. 

In view of the influence of the saccharin type of 
compounds on gas content reported by Thon, polaro- 
graphic measurements were made to determine the 
influence of saccharin on the hydrogen reduction po- 
tential. 

Experimental Techniques 

The films were electroplated onto a substrate of 
evaporated nickel (400A) on glass. Except for the 
gas occlusion measurements, the Fe-Ni ratio of the 
plated films was 1:4. They were plated from the 
following bath: NiSO,-6H,O, 218 g/l; FeSO,-6H.O, 
4 g/l; H,BO,, 25g/1; NaCl, 9.7g/1, at 20°C*and a cur- 
rent density of 50 ma/in.’, pH = 3.1. Saccharin was 
added as a variable. 

To measure gas occlusion, heavy films were re- 
quired. Such films would not adhere readily to the 
glass substrate unless iron was omitted from the 
plating bath. This makes no difference in the inter- 
pretation of results, however, since it was established 
by preliminary measurements that the presence of 
20% Fe would have little influence on the ability of 
saccharin to control] the amount of occluded gas. 

Gas content was measured by moving the film 
sample into the heated zone of an evacuated quartz 
tube. The sample had been initially “dried out” at 
100°C as suggested by Thon. This temperature is 
considerably below the temperature at which mas- 
sive quantities of absorbed gases are evolved. Before 


1 The term saccharin as used here refers to the soluble species, 
the sodium salt of O-benzoic sulfimide, CoHs;CONNaDOd,. 


* The organic compounds investigated were: Na naphthalene-1, 5 
disulfonate; Na i-naphthylamine-4, 8-disulfonate; Na 1-naphthyl- 
amine-3, 6, 8-trisulfonate. 
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inserting the film, the tube was outgassed at 800°C. 
The rise in pressure due to outgassing the sample 
film was measured with an oil manometer. The tem- 
perature was maintained at 900°C for an hour to en- 
sure that the film was completely outgassed. H. was 
measured at 60 cycles. 

Crystal sizes were measured using x-ray diffrac- 
tion techniques (7). The technique separates strain 
from crystal size effects on the x-ray line breadth. 

The electron micrograph replicas were evaporated 
silicon monoxide shadowed with chromium.’ Victa- 
wet was initially evaporated onto the film as a re- 
leasing agent for the silica replica. 

Polarographic measurements were made with a 
Sargent polarograph equipped with a dropping mer- 
cury electrode. 

Experimental Results 

The influence on H, of saccharin in the plating bath 
is illustrated in Fig. 1. The reduction of H, by a fac- 
tor of five cannot be explained by the relatively in- 
significant changes in the Fe-Ni ratio and thickness 
resulting from the additions of saccharin. 

M:Ni atomic ratios computed with measurements 
taken from the gas occlusion studies are listed below: 
(M represents the gas atom) 


Samples plated without saccharin: M: Ni 1: 230 
Samples plated with saccharin: 
840 mg/l M: Ni 1:800 


* Obtained from Ladd Research Industries Inc., Burlington, Ver- 
mont. 


100 200 0400) 600 
SACCHARIN IN THE BATH - MG/L 


Fig. 1. Influence of saccharin on H. 
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Fig. 2. Films plated without (tops) and with (bottom) sac- 
charin in the plating solution. Magnification 40,000X before 
reduction for publication. 


The electron micrographs (Fig. 2) showed that 
films plated from solutions containing saccharin are 
much smoother than those plated without saccharin. 

To investigate crystal size and strain effects, Ni 
films were plated with and without saccharin with 
the solution pH at 2.1 and at 3.1 (Table 1). Without 
saccharin, the crystal size decreases markedly as 
PH increases. With saccharin, crystal size is rela- 
tively independent of pH between 2.1 and 3.1. 

The results (Table I) are typical of a large num- 
ber of measurements. The rms strain, which should 
be several orders of magnitude larger than average 
strain is not markedly influenced by saccharin in the 
bath. 

Crystal sizes were also measured on seventeen 
films whose Fe-Ni ratio was 1:4. The measurements 
showed that crystal size decreased from an average 
650 to 300A with the addition of 100 mg/l] of sac- 
charin. Larger additions of saccharin did not further 
reduce crystal size. 

Polargraphs presented in Fig. 3 show the influence 
of saccharin on the reduction potential of hydrogen 
for two pH ranges. When the saccharin concentration 
is low (0.001M), two breaks are seen corresponding 
to the reduction of saccharin (8) and the reduction 
of hydrogen. 

As the concentration of saccharin is increased, the 
half-wave potential of hydrogen is noted to decrease 
until the contribution to the polarogram from this 


Table |. 


Saccharin 


Strain 
content " x 108 


None 5.3 
None 3.4 
840 mg/1 49 
840 mg/1 4.7 


0.1m SAC 

0.01 M SAC 

0.001 M SAC 
SAC 


CURRENT yo 


i 
1.5 


POTENTIAL VOLTS 


Fig. 3. Influence of saccharin on the reduction potential of 
hydrogen. 


reaction swamps the contribution from the saccharin 
reaction. This observation provides an explanation 
for the very marked reduction of cathode efficiency 
in the plating bath which results from the addition 
of saccharin. The explanation is, of course, that a 
greater per cent of the diffusion current is carried by 
the hydrogen reduction reaction because of the re- 
duction of its half-wave potential. The plating effi- 
ciency of the bath was reduced by 10% due to the 
addition of 840 mg/1 of saccharin. 

The reduction potentials (half-wave potential) of 
these reactions are functions of pH as expected. The 
half-wave potential of hydrogen is shifted from 
about 1.4 v for pH = 2.7 to about 1.95 v for pH = 6. 
The saccharin half-wave potential is shifted from 
about 1.2 for pH = 2.7 to 1.8 for pH = 6. These values 
were measured with 0.001M saccharin in solution. 

In other polarograms, it was noted that the half- 
wave potential of Ni* (0.001M) equaled 0.92 with 
pH equal to 2.5 and 6.5. 


Analysis of Results 

The primary influences on structural properties 
are summarized as follows: : 

1.. Films plated from saccharin-free solutions are 
much rougher than films plated from saccharin-con- 
taining samples. The roughness dimensions are com- 
parable to a scale which would contribute to an in- 
crease of H, (~2000A). 

2. When no saccharin is in the plating bath, crys- 
tal size increases as pH increases. When saccharin is 
in the plating bath, crystal size is relatively inde- 
pendent of pH between 2.1 and 3.1. 

3. The presence of saccharin reduces the decom- 
position potential of hydrogen and decreases the 
plating efficiency. Saccharin also markedly reduces 
the amount of total gas contained in the film that can 
be driven off by heating the film to 800°C in vacuum. 
This should materially reduce average strain in the 
plated film and thereby account for the observed re- 
duction of H.. 

Summary 

The coercive force H. increases due to increased 

roughness, occluded gas, or decreased crystal size. 
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Saccharin in the bath reduces roughness, occluded 
gas and controls crystal size. The mechanism is a 
surface activity at the cathode as suggested by the 
small amount of saccharin in the solution which 
radically influences these properties and the inde- 
pendence of these properties over a wide variation 
of saccharin content. The surface activity lowers the 
hydrogen reduction potential and decreases the cath- 
ode efficiency. 


Manuscript received April 17, 1961. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JouRNAL. 


The purpose of this paper is to describe several ob- 
servations of luminescence in tunnel diodes using a 
very sensitive method. Since these phenomena are 
not completely understood they will only be de- 
scribed and not discussed. 

Tunnel diodes have been built by a method (1) of 
double recrystallization from alloy solution onto a 
block of germanium on which two ohmic connections 
were attached (Fig. 1). The dominant impurities in 
the n+ and p+ regions are arsenic and gallium re- 
spectively. DC voltage is applied to the two ohmic 
connections and one measures the change in current 
(photoconductivity) due to the light emitted by the 
tunnel diode. The spectral sensitivity of the photo- 
conductor is determined by the choice of impurities 
in the block of germanium. The source and the detec- 
tor being built in the same block of germanium, their 
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Fig. 2. V-I characteristic of a tunnel diode 
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optical coupling is excellent. Although one loses the 
possibility of obtaining the spectrum, one gains enor- 
mously in sensitivity. The high sensitivity allows a 
correlation between the emission characteristic and 
the V-I characteristic of the tunnel diode (Fig. 2). 
The purpose of this measurement was to look for a 
radiative mechanism associated with excess current 
(a check on two hypotheses illustrated in Fig. 3 was 
sought: a, photon-assisted tunneling; b, tunneling to 
a deep-lying level where radiative recombination 
might take place). Although these questions have 
not been answered, these experiments have revealed 
a variety of luminescences. 


Measurements Using Compensated Gold-Doped 
Germanium Detectors 


The first few diodes were built on gold-doped ger- 
manium which was partially compensated by arsenic. 
This detector, used at 78°K, is sensitive to infrared 
up to 10,, (0.12 ev). 

When a semisinusoidal forward current (whose 
maximum value is I,,,.) is passed through the tunnel 
diode of the specimen labelled “A” one gets two 
types of luminescences: that reproduced on Fig. 4-a 
when I,,.. < 100 ma and that of Fig. 4-b when I,,,. > 
300 ma; the intensity of the latter luminescence 
grows rapidly with the current. The photoresponse 
(which is proportional to the number of photons) is 
shown on Fig. 4 as a function of the intensity of the 


Fig. 3. Two models for radiative mechanisms in the “‘excess 
current’’ mode: a, photon assisted tunneling; b, tunneling to 
a deep level followed by radiative recombination. 
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PHOTOSIGNAL (my) 


FIG @ BEHAVIOR OF SPECIMEN 


Fig. 4. Behavior of specimen ‘‘A’’—the inset shows the 
time dependences of: voltage (V) applied to the tunnel diode, 
current (I) through the diode, output of the photoconductor 
when Imax < 100 ma (a) and when Imax > 300 ma (b). The 
ordinate represents the output of the photoconductor measured 
at the peak of the wave shown in (a) or (b). 


current I,,,.. One sees a region which goes with I,,,x'” 
below 200 ma and another which seems to follow an 
dependence above 250 ma, although the sharp- 
ness of the break in the curve suggests a more com- 
plex function. It is believed that the fast rising lumi- 
nescence is due to band-to-band recombination since 
this corresponds to the injection mode. In Ref. (1) 
this type of radiation was shown to rise exponen- 
tially with current. The wave shape of the lumines- 
cence shows clearly that this is not a thermal effect. 
(A thermal effect produces a phase shift which lags 
the driving signal by 90°.) On the other hand, no 
luminescence can be detected during tunneling, 
which proves either that there is no emission or that 
the emission energy is less than 0.1 ev. Without an 
emission spectrum it is difficult to speculate on the 
mechanism involved. 
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Fig. 5. Behavior of specimen B. The upper set of curves 
represent the time dependence on the driving voltage (V) and 
the wave-shape of the corresponding luminescence as measured 
by the photoconductor. (c) Shows the output of the detector 
when a nearly 2 sec long burst of semisinusoidal pulses of cur- 
rent is passed through the diode. (d) Shows the output of the 
detector when a square pulse of current (5 msec long) is passed 
through the diode in the forward and in the reverse directions. 


MEASUREMENTS OF INFRARED LUMINESCENCE 


Another tunnel diode built on a compensated gold- 
doped detector has revealed three types of lumines- 
cences: 

(a) A luminescence in phase with the driving sig- 
nal (Fig. 5-a). 

(b) An out of phase luminescence which leads 
the voltage by 7/4 (Fig. 5-b), and which grows more 
rapidly than the in-phase luminescence. The above 
two emissions are equal when I,,,, = 425 ma. 

(c) A long time-constant luminescence (7 = 0.5 
sec.) (Fig. 5-c,d). Its intensity is much greater than 
the in-phase emission. This long time constant emis- 
sion occurs even during tunneling, (with both polari- 
ties of current). This time constant is an order of 
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Fig. 6. Light-current characteristics of specimen B 
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Fig. 7. Integrated source-detector having a spectral sensi- 
tivity threshold of 0.01 ev. The lower curves represent the 
time dependence of applied voltage (Vp), diode current (Ip), 
and detector output (V1). 
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magnitude too large to be accounted for by heating. 
Thermal emission has been observed at higher cur- 
rents; it can be distinguished by the fact that it 
causes the luminescence wave-shape to lag the driv- 
ing current by 90° at the frequency used. 

The dependences of these three luminescences with 
current are plotted on Fig. 6. 


Measurement Using An Intrinsic-Germanium Detector 


A tunnel diode built on n-type germanium (30 
ohms cm at 290°K) was wired as shown on Fig. 7. 
The detection circuit leads were shielded in such a 
way as to minimize the danger of signal pickups 
(actually these are easy to identify—for example, 
by inverting the biasing polarity in the detection 
circuit, which inverts the photoelectric signal but 
does not invert the parasitic signal.) 

This specimen was immersed in liquid helium 
(4.2°K), in order to deionize the donors. This allows 
the use of this material as an infrared detector to 
about 120, (0.01 ev). As shown in Fig. 7 the photo- 
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signal appears after the region of negative resistance 
(2) but not during tunneling. 

The integrated source-detector structure is ob- 
viously a very sensitive research tool. The threshold 
of spectral sensitivity may be chosen by using the ap- 
propriate impurity in the photoconductor, and sub- 
sequently it may be adjusted to some higher energy 
by thermally ionizing the impurity levels previously 
used—for example, under-compensated gold doped 
germanium will give a 0.01 ev threshold at 4.2°K 
and a 0.12 ev threshold at 78°K—though with less 
sensitivity than in the case of an over-compensated 
detector. That much can be done with such a tech- 
nique is illustrated by the above reported discovery 
of new luminescence phenomena in germanium. 


Manuscript received March 17, 1961. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JouRNAL. 
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Cell Conductivity Measuring Circuit 
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The circuit described in this paper was developed 
in order to provide a simple device which would 
measure solution conductivity of electrolytic cells 
and give a linear output with an accuracy of 2%. It 
keeps the exciting current between 10 and 100 vamp, 
depending on sensitivity. In addition, a means of 
calibration has been included. 

Figure 1 shows the entire circuit. There are four 
sections: power supply, phase shift oscillator, two 
stage amplifier, and detector. 

Tube V, is a 10 ke phase shift oscillator whose 
output into the “Sensitivity” potentiometer is set to 
10 v by the 0.18 megohm and 0.15 megohm divider. 
The only adjustment needed in the oscillator is the 
5K ohm potentiometer in the cathode and this is set 
but once to where it gives the best sine wave output. 
The 10 v goes through the “Sensitivity” pot and a 
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Fig. 1. Circuit diagram 


fixed 100K ohm resistor to the cell or the calibration 
resistors, depending on the setting of S.. These two 
resistors are always very large compared to the cell 
resistance so that they turn the constant-voltage 
oscillator into a constant-current generator. This 
constant current of between 10 and 100 vamp is not 
affected by the cell resistance but is set only by the 
“Sensitivity” potentiometer. The voltage across the 
cell equals its resistance times this constant current 
and, therefore, it varies in a linear manner as the re- 
sistance changes. Switch S: can substitute known 
resistors for the cell in order to calibrate the circuit. 

The cell voltage is amplified by V. and half of V,. 
The large amount of decoupling in the B+ line be- 
tween these stages and the power supply eliminates 
any “motorboating.” Small coupling capacitors be- 
tween stages act like filters so they pass the 10 kc 
signal but keep down the response at 60 cps and 
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eliminate pickup and shielding problems. Cathodes 
are not by-passed in order to provide some negative 
feedback and increase stability. 

The second half of V, is a cathode follower that 
acts as a buffer between the amplifier and 1N99 diode 
detector. The detector’s output goes to the “High 
Level Output” posts and then to a recorder. The 
voltage here is large in order to get above the square 
law region of the detector as soon as possible. For 
high gain recorders that need a low driving im- 
pedance, a “Low Level Output” is also supplied. A 


CELL CONDUCTIVITY MEASURING CIRCUIT 


bucking voltage is applied at this output so that some 
zero suppression is afforded for those cases in which 
it is desired to operate the recorder between certain 
resistance limits instead of from zero up. 

Figure 2 gives the high level d-c output as a func- 
tion of calibration resistance for the sensitivity po- 
tentiometer all the way out (Maximum Sensitivity) 
and all the way in (Minimum Sensitivity). 


Manuscript received March 3, 1961. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JoURNAL. 


Technical Review 


Report of the Chlor-Alkali Committee of the 
Industrial Electrolytic Division for the Year 1960’ 


John E. Currey 


Hooker Chemical Corporation, Niagara Falls, New York 


and Clifford A. Hampel 


Consulting Chemical Engineer, Skokie, Illinois 


Chlorine-Caustic 
Production and Sales 


Chlorine and caustic soda production in the United 
States again reached a new, all-time high in 1960. 
In spite of the general economic slump, the rate of 
growth of the industry for this year was in keeping 
with the general trend established over the past ten 
years, as shown below: 


U.S. Annual Growth Rate 


Period Chlorine Caustic 


11.0% 
14.2% 
14.3% 
10.8% 
9.5% 7.7% 
7.8% 5.8% 


U.S. chlorine production as reported by The Chlo- 
rine Institute’s Annual Report for 1960 was 4,640,000 
tons in the year 1960, or an increase of 8.4% over 
1959. The U.S. Department of Commerce’s, “Current 
Industrial Reports,” M28A (61)-1 dated March 23, 
1961 reports 1960 production figures of 4,591,571 
tons which are slightly less than those quoted above. 
The per capita consumption of chlorine was ap- 
proximately 52 lb, an all-time high and double that 
of 1950. 

Chlor-alkali plant capacity increased only 3% 
during the year, from 14,060 tons per day in January 


1930-1935 
1935-1940 
1940-1945 
1945-1950 
1950-1955 
1955-1960 


3.6% 
10.0% 
9.4% 
6.8% 


1M. S. Kircher, Dryden Chemicals, Ltd., Dryden Ontario, assisted 
by supplying data and reviewing the Report before publication. 


to 14,490 in December. The uncertainty of the busi- 
ness climate was partly responsible for this reduced 
rate of growth of capacity. Construction was at a 
considerably higher level than that indicated, since 
a number of major plants were rebuilt to replace 
older units and since several plants under construc- 
tion in 1960 have been started, or will be in 1961. 
Construction under way indicates that 1961 will 
bring in plants which will continue the 7 to 8.5% 
growth trend. 

On the average, the industry operated at 89% of 
capacity in 1960 which is considerably higher than 
the 83% estimated for 1959. 

Caustic soda production in the U.S. increased 4.7% 
above 1959, for a total of about 4,896,000 tons in 1960. 
The apparent per capita consumption was 54.0 lb, an 
all-time high, which was nearly twice that of 28.0 
in 1950. Lime soda caustic production data are not 
available, but it is estimated such production was 
some 300,000 to 325,000 tons for the year. 

Even though caustic is being converted to soda 
ash on a relatively small scale, soda ash continues to 
be converted to lime soda caustic. In general, caustic 
continued to be in excess through 1960 as it was in 
the previous year. 

About 74% of the U.S. capacity of chlorine in 1960 
was in diaphragm cells, 20% was in mercury cells, 
5% in sodium cells and less than 1% in nonelectro- 
lytic processes. Approximately one-third of the ca- 
pacity added in 1960 was in diaphragm cells and two- 
thirds in mercury cells. 

L. B. Grant, at a Chemical Market Research Asso- 
ciation meeting (see Oil, Paint and Drug Reporter, 
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May 22nd 1961), forecast the demand for caustic 
and chlorine by reviewing the end uses of chlor- 
alkali products. He concludes that chlorine produc- 
tion will grow at only 5% per year for the next few 
years, compared with an average of 9.4% for the 
past decade. Similarly he concludes that caustic soda 
will expand at only 4.5% per year compared with 
7.0% for the past ten years. The above chlorine fig- 
ures are considerably below other predictions which 
usually indicate chlorine growth at 7 to 8.5% an- 
nually. 


New Plants and Expansions 


The following new plants, expansions and addi- 
tions, are in progress, contemplated, or have been 
completed: 

Allied Chemical Corporation, Solvay Process Divi- 
sion: Expansions have been announced for completion 
in 1961 at Moundsville, West Virginia, and Brunswick, 
Georgia, respectively. Solvay and Cie mercury cells 
will be used in both plants. 

Consolidated Mining and Smelting Corporation: A 
new plant using Hooker Type S-3C diaphragm cells 
at Trail, B. C., was started early in 1961. 

Diamond Alkali, Painesville, Ohio: An installation of 
Tucker-Windecker cells was replaced by Diamond cells. 

Doremus Chemical Company, Newark, New Jersey: 
A new plant with Hooker Type S cells was started 
early in 1961. 

Dryden Chemicals, Dryden, Ontario: A new plant 
with BASF mercury cells was announced for start of 
construction in 1961. 

Food Machinery and Chemical Corporation, South 
Charleston, West Virginia: An expansion with Hooker 
Type S-3B cells was made in 1960. 

Hooker Chemical Corporation, Niagara Falls, New 
York: An expansion with Hoechst Uhde mercury cells 
was started in 1960 and will be placed in operation in 
1961. 

Jefferson Chemical Company, Port Neches, Texas: 
An expansion with Hooker Type S-3B cells will start in 
1961. 

Kaiser Aluminum and Chemical, Grammercy, Louisi- 
ana: An expansion with Hooker Type S-3B cells will 
start in 1961. 

Olin Mathieson Chemical Corporation, Calhoun, 
Tennessee: A new plant with 100,000 amp O-M mer- 
cury cells has been announced for construction in 1961 
and start up in early 1962. 

Olin Mathieson Chemical Corporation, Niagara Falls, 
New York: An installation O-M 100,000 amp cells to 
replace the historic Castner Rocking cells was started 
early in 1961. 

Pennsalt Chemical Corporation, Wyandotte, Michi- 
gan: Another historic cell installation was replaced 
with Diamond cells, superseding Gibbs cells. 

Stauffer Chemical Company, Southern California. A 
new plant has been announced. The process of produc- 
tion has not been announced. 

Climax Molybdenum, Mississippi: A new plant using 
a new chemical process for the production of chlorine 
and potassium nitrate has been announced. 

Dow Chemical Company, Plaquemine, Louisiana: 
Work is continuing on an installation of Solvay V200 
cell for start up in 1962. 

Caribbean Alkali Company, Puerto Rico: A plant 
has been announced for construction in 1961. 

During the past ten years new producers installed 
equipment amounting to 15.6% of the new plants 
built, or 3.7% of the total chlorine capacity. 


Technical Developments 


The price reductions in silicon and germanium 
power rectification units has continued the trend of 
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acceptance of this equipment in the chlor-alkali in- 
dustry. These rectifiers are encouraging the design 
and operation of higher amperage cells. This is evi- 
denced by the first commercial installation of the Olin 
Mathieson 100,000 amp cells and the first commercial 
installation of the Hoechst Uhde 120,000 amp cells 
in the United States. In addition, the first installation 
of Hooker Type S-3C cells to operate above 30,000 
amp has been installed. 

The trend toward higher current densities in mer- 
cury cells continues. A number of commercial plants 
are now operating in the 5000-6000 amp/m’ range. 
Operation at 7000 amp/m’ is said to be feasible. 

The interest of industry in platinum-titanium 
anodes for diaphragm and mercury cells continues. 
There has been an increase in the.number of articles 
on this subject appearing in the literature (Chemical 
Week, Jan. 23, 1960 and March 28, 1960). The patent 
situation has not changed in the past year and con- 
tinues to be a question. A number of commercial size 
cells with platinum-plated, titanium anodes have 
been installed and are operating. There is no evidence 
of any chlorine producer in the United States, Can- 
ada, or England having reached a stage of develop- 
ment to warrant a decision to go to a large-scale in- 
stallation. 

The frantic activity of research and development 
on fuel cells is continuing, based upon funds from 
the military. The electrolytic industries are taking a 
closer look at fuel cells as a possible future source 
of direct current power. 

For the first time a train wreck has resulted in 
the puncture of a liquid chlorine tank car causing 
chlorine to spill upon the ground. The accident, in 
Louisiana, resulted in the death of one person. Tank 
truck shipments, as initiated in 1960, and barge ship- 
ment of chlorine on inland waterways continue to in- 
crease (see Chemical Week, March 19, 1960, p. 31). 

The Chlorine Institute, Inc., continues a most ag- 
gressive program for the safe handling of chlorine 
in transportation and in producing and consuming 
plants. 

The sale of European mercury cell equipment has 
continued in the United States at an accelerated 
pace (Chemical Week, March 5, 1960). The purchase 
of this equipment is evidently based on sound tech- 
nology combined with an attractive price. 

The lack of balance in demand for caustic and 
chlorine, combined with an increasing output of by- 
product hydrochloric acid, has increased the interest 
in converting hydrochloric acid into chlorine. How- 
ever, at this time it does not appear likely that any 
appreciable amount of chlorine will be produced by 
this method. 

Some United States and Canadian patents which 
are of interest to the electrolytic industry and which 
were issued in 1960 are as follows: 

2,920,028 (United States) Series Cell for Brine 
Electrolysis 
Method of Producing 
Caustic from Brine 
Electrolytic Conversion 
with Permselective 
Membrane 
Fused Salt Cells 
Production of Perchlorates 


2,917,368 (United States) 
2,921,005 (United States) 


2,919,238 (United States) 
597,095 (Canada) 
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595,813 (Canada) Mercury Recovery from 

Brine 

Chlorine Manufacture 

Prevention of Flooding in 

Diaphragm Cell 

Method of Electrolyzing 

Brine 

Graphite Anode Structure 

Hydrochloric Acid Cell 

Mercury Cathode 

Chlorine Cell 

Mercury Cathode 

Chlorine Cell 

Mercury Cathode 

Chlorine Cell 

Electrolysis Apparatus 


595,814 (Canada) 
597,879 (Canada) 


597,908 (Canada) 


2,934,486 (United States) 
600,441 (Canada) 
601,868 (Canada) 


2,951,026 (United States) 
2,929,412 (United States) 
2,952,604 (United States) 


Markets and End-Use Patterns 


There does not appear to have been a major change 
in the end-use patterns for chlorine and caustic dur- 
ing 1960. The use of chlorine dioxide for bleaching 
in the pulp and paper industry is gaining in impor- 
tance and is affecting chlorine usage. 

The end-use pattern of caustic remains quite di- 
versified. The alkali industry is watching the nylon- 
rayon battle for supremacy in the tire industry. 
Rayon remains the largest, single use of caustic 
soda. The further application of caustic in the ex- 
panding pulp and paper industry looks promising. 

Table I gives a recent, estimated, end-use pattern 
for chlorine and caustic soda in 1960. 


Table |. U.S. Chlorine-caustic soda end-use pattern” 


Chlorine Caustic Soda 
Chemicals 80% 
Pulp and Paper 17% 
Sanitation 3% 


Chemicals 

Rayon, Film 

Pulp and Paper 
Soap, Cleaners 
Petroleum Refining 
Textiles 

Net Exports 

Others 


100% Total 


Total 


* Source: Hooker Chemical Corporation. 


World Production 


According to a survey (see Chemical Week, Oct. 
29, 1960) presented by B. Cremers of Wyandotte 
Chemicals at the 32nd Congreso Internacional de 
Quimica Industrial, caustic soda and chlorine ca- 
pacities of the world as of 1959 are estimated as 
follows: 


Caustic Soda Chlorine 


Pro- 


Pro- 
ducers Capacity ducers Capacity 


North America 

European Econ. Comm. 

European Free Trade 
Area 

Russian Bloc 

Europe (Other) 

Africa 

Cent. & South America 

Asia & S. Pacific 

Total World Capacity 

Total World Production 


6,520,000 61 
2,572,000 67 


5,528,000 
1,709,000 


1,365,000 29 
1,633,000 30 
340,000 37 
35,000 10 
255,000 43 
1,767,000 64 
14,000,000 
11,400,000 


921,000 
697,000 
130,000 
34,000 
153,000 
648,000 
9,900,000 
8,100,000 


REPORT OF THE CHLOR-ALKALI COMMITTEE 


Potassium Hydroxide 

Production of KOH increased 7.2% from 102,000 
tons in 1959 to 109,463 tons in 1960. The trend toward 
greater use of this chemical in detergents continues. 
The trend toward higher purity favors greater per- 
centages being produced in mercury cells in the fu- 
ture. Hooker Chemical Corporation, a major pro- 
ducer of potassium hydroxide, is converting its KOH 
production to mercury cells. 


Soda Ash 

The general downward trend of United States pro- 
duction of soda ash was again re-established in 1960, 
after a one year of production increase in 1959. In 
1960 synthetic soda ash decreased 7.0%, from 4,903,- 
979 tons in 1959 to 4,557,299 tons in 1960, while nat- 
ural soda ash increased 16% from 715,330 tons in 
1959 to 830,452 tons in 1960. Thus, 15.4% of the pro- 
duction was “natural soda” and 84.6% was synthetic. 
The apparent per capita consumption was 60 lb for 
1960 which reflects the fact that the per capita con- 
sumption has been relatively stable since 1940. The 
glass industry continues to be the largest single end- 
use consuming approximately 40% of the production. 

Dow Chemical Company continues to operate its 
plant at Freeport, Texas, converting electrolytic 
caustic to soda ash. The expansion in natural ash 
has for the most part taken advantage of the Green 
River, Wyoming and the Trona, California deposits. 


Sodium Chlorate 
The 3.2% increase in chlorate production, from 
88,300 tons in 1959 to 91,184 tons in 1960, as re- 
ported by the Department of Commerce, indicates 
that 1960 was a relatively stable year compared with 
large growth of recent years, e.g., 30% growth in 
1959. The doubling of production of this product 
since 1954 has been due to the rapid increase in de- 
mand for higher paper and paperboard brightness 
achieved by chlorine dioxide bleaching of pulp. 
The expansions of chlorate production in progress 
or completed in 1960 are as follows: 


American Potash and Chemical Corporation, Aber- 
deen, Mississippi: The capacity of this plant was re- 
ported increased by 50%. 

Dryden Chemicals, Ltd., Dryden, Ontario: A new 
plant using Krebs cells has been announced. 

Hooker Chemical Corporation, Columbus, Missis- 
sippi: An expansion is being completed in 1961. 

Penn-Olin Corporation, Calvert City, Kentucky: A 
new corporation has been formed by Pennsalt Corpora- 
tion and Olin Mathieson Corporation to produce sodium 
chlorate. 

Weyerhaeuser Timber Company, Longview, Wash- 
ington: A new chlorate plant is being installed in con- 
junction with an existing chlor-alkali plant. 


Miscellaneous Metals 

Aluminum.—The domestic production of alumi- 
num continues to grow. A new record of primary 
production of 2,014,497 tons was reached in 1960. 
This is some 3% above 1960, the previous peak year 
for aluminum. 

New production facilities activated in 1960 
amounted to about 88,000 annual tons, raising the 
total domestic capacity to nearly 2.5 million annual 
tons. Reynolds Metals Company started the second 
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of three 33,300 ton per year potlines at its new St. 
Lawrence plant near Massena, New York. Aluminum 
Company of America started a new 20,000 ton line at 
Point Comfort, Texas, and the first of five potlines, 
each with a capacity of 35,000 tons per year, at 


Evansville, Indiana. Kaiser Aluminum, Inc. an- 
nounced plans to increase its Dallas, Oregon plant 
capacity by 25% or 15,000 tons a year. United Pa- 
cific Aluminum Corporation expects to build a two- 
potline plant near Longview, Washington with an 
annual capacity of 40,000 tons, power to be avail- 
able in 1962 and 1963, respectively, for each of the 
two lines. 

Domestic producers ended 1960 operating at about 
76% of their capacity. In 1959 the average was 83%. 

Magnesium.—Production of primary magnesium 
in the United States amounted to 40,070 tons in 1960, 
some 29% above 1959. The electrolytic plant at 
Freeport, Texas and the two silicothermic plants at 
Canaan, Connecticut and Selma, Alabama were in 
production throughout the year. 

Consumption of magnesium reached 44,000 tons in 
1960, an increase of about 6% over 1959. Expanded 
and new structural uses, particularly in the auto- 
motive industry, accounted for this increase. 

Canadian production, which had decreased from 
9,606 tons in 1956 to 5,817 tons in 1959, remained 
almost the same in 1960 as it was in 1959. 

Sodium.—The production of sodium amounted to 
113,000 tons in 1960, essentially the same as that of 
1959. Over 70% of the sodium produced is consumed 
in making tetraethyl and tetramethyl lead by the 
sodium-lead alloy process. Current consideration of 
electrolytic processes for making TEL and MEL 
portends possible decrease in the use of sodium for 
producing these gasoline additives, with consequent 
further lessening of demands for sodium metal. 
(Chemical Engineering, April 3, 1960, p. 81.) 

Manganese.—Consumption of high-purity, electro- 
lytic manganese increased in 1960 to about 15,530 
tons according to the Bureau of Mines. Other sources 
indicate a higher consumption, possibly 17,500 tons 
(for example, Chemical Week, July 23, 1960, p. 25). 

The two present producers of manganese metal 
increased their plant capacities in 1960. Union Car- 
bide Metals Company completed a 20% expansion to 
bring the capacity of its Marietta, Ohio plant to a 
minimum of 15 million lb/year. Foote Mineral Com- 
pany expanded its Knoxville plant to a capacity of 
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28 million lb/year and announced plans for a new 20 
million lb/year plant in New Johnsonville, Tennes- 
see, with half of the capacity to be available early 
in 1962. 

A third producer, American Potash and Chemical 
Corporation, plans to enter the picture with a $5 
million plant at Aberdeen, Mississippi, whose capac- 
ity will be 10 million lb/year. It is scheduled to begin 
production late in 1961. 

Total United States capacity is now about 45 mil- 
lion lb/year and may double in two years. 

Beryllium.—The production of beryllium metal 
continues to expand with 1960 output estimated to be 
over 300,000 lb, about twice that of 1959. Brush 
Beryllium Company is expanding its capacity to 
nearly 30,000 lb/month by July, 1961, and Beryllium 
Corporation is also expanding its capacity. Some 
sources predict that domestic production will reach 
500 tons per year by 1970, an output about three times 
the current rate. 

A third company, General Astrometals, will be- 
come the third beryllium fabricator using Pechiney 
techniques. Increased use of domestic ores is under- 
way to meet the raw material demands for beryllium 
metal production. 

Lithium.—A renewal of interest in lithium is evi- 
denced by the recent installation of facilities with a 
capacity to produce 350,000 lb/year of butyl lithium 
by three producers; American Potash & Chemical 
Corporation, Foote Mineral Company, and Lithium 
Corporation of America. Butyl lithium, LiC,H,, is 
made by reacting lithium metal with butyl chloride 
in a solvent and is used as a catalyst to polymerize 
isoprene to polyisoprene and butadiene to polybuta- 
diene. (Chemical Engineering News, Feb. 6, 1961, 
p. 46). At the above production rate, at least 77,000 
lb/year of lithium metal would be required. 

Chromium.—The electrolytic process continues to 
be the premier source of the highest purity, chro- 
mium metal. The 1960 production evidently re- 
mained the same as in 1959, about 2,000 tons. 

Tantalum and Columbium.—Tantalum production 
reached 140 tons in 1960, almost the same as in 1959, 
but columbium production increased to about 100 
tons, a major increase over the 1959 output of less 
than 70 tons. 

Although ore prices increased in 1960, the prices 
for the metals declined during the year to $45/lb for 
tantalum ingot, $35 for columbium ingot, and $47.50 
to $50 for capacitor grade tantalum powder. 
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Feature Section 


Professor Colin Garfield Fink 


Henry B. Linford' 


The life and work of Professor Colin Garfield Fink 
have been described several times in Society publica- 
tions.** At this time, when the Board of Directors has 
established the Colin Garfield Fink Fellowship Fund [see 
pg. 214C of the September issue], it is felt that the re- 
printing of much of this material is in order since it is 
only natural that younger people in the profession have, 
by this time, lost touch with the marvelous contributions 
of some of our early workers such as Professor Fink. It is 
for this purpose that we wish to devote some space to 
discussing Professor Fink as a man, as a scientist, as a 
teacher, and as the real backbone of The Electrochemical 
Society for many years. 

No better appreciation of a man can be achieved than 
the writings of one of his own sons. Accordingly, we re- 
print here a short biographical sketch of “Professor Colin 
Garfield Fink, The Man,” by Dr. Harold Kenneth Fink. 


Professor Colin Garfield Fink, The Man 
Harold Kenneth Fink, Ph.D. 


Dad was the kind of man people like to remember, 
because he was the kind of man people like. When those 
who knew him begin expressing their deep respect for 
him as a scientist, it isn’t long before someone will smile 
and say, “Did you ever hear about the time when Profes- 
sor Fink ...”—and respect for the scientist will be 
matched by some anecdote or incident which endeared 
Colin G. Fink to others as a man. 

He was for many years voted the most popular profes- 
sor by the senior class poll at Columbia University, be- 
cause he so often gave his time and energy to his students 
“beyond the call of duty.” He realized, for example, that 
he could never investigate on his own all the research 
hypotheses which were the products of his creative mind. 
Such ideas, which he willingly shared with his graduate 
students, were sometimes the basis of later fame and 
excellent jobs for them. But Dr. Fink could also be de- 
pended upon in the immediate, practical emergencies 
that faced his students. Did you hear about the time that 
one student’s experiment got out of hand, with the result 
that all the surrounding apparatus was sprayed with an 
aluminum coating? They say that Fink calmly entered 
the lab, sized up the situation, and proceeded to produce 
another formula which removed the aluminum plating 
from the lab equipment. 


1 Electrochemical Society President, 1961-1962; Columbia Univer- 
sity, Dept. of Chemical Engineering, New York, N. Y. 


2J. W. Marden and H. E. Grimm, “Colin Garfield Fink,” an Ad- 
dress presented at the Colin Garfield Fink testimonial dinner on 
October 16, 1947 at the Copley-Plaza Hotel in Boston Mass., Proc. 
Trans. Electrochem. Soc., 92, pp. 3-9 (1947). 


*R. M. Burns, “Death of Dr. Colin G. Fink,” This Journal, 100, 
317C (1953). 


In his own student days, Dad did not always find his 
superiors so understanding. During his first vacation from 
his graduate studies at the University of Leipzig, he 
worked for a coal tar concern in Zurich. In his lab were 
two sinks, one for ordinary refuse which emptied into the 
lake, and one for dyestuffs. One evening, an American 
woman visiting Zurich remarked to young Fink that for 
the first time she had seen a lake which possessed the 
beautiful colors shown on the picture postcards. Next 
day, he found himself fined a month’s salary for having 
thrown some dye down the wrong drain! 

“Did you get a ‘valentine’ from Dr. Fink today?”—that 
question would have been appropriate any day of the 
year to some student who had become especially inter- 
ested in a particular phase of study or research. Fink’s 
“valentines” were cards dropped into a student’s mailbox 
with references to the literature on the special subject or 
project under consideration. As an editor of Chemical 
Abstracts, writer of technical articles, and reader of 
many professional journals, Dad kept abreast of his 
whole field and borderland areas where it lapped over 
other fields, and his “valentines” were always timely. 

Such conscientiousness did not wait until his days as a 
professor to show itself, however. When he was an under- 
graduate at Columbia, Dad was a member of a fifty-man 
mandolin club which gave public performances in and 
around New York City. One evening, during a raging 
blizzard, anyone might well have been tempted by the 
thought that he really need not go—one mandolin player 
more or less would make little difference. He did go— 
but forty-seven others failed to show up. Nevertheless, 
the mandolin trio received an enthusiastic welcome, and 
encores were the order of the evening. 

The mandolin also went with young Fink to Leipzig, 
and was accompaniment for the Saturday night singing 
of University students. One evening, at the Hoffbrau 
House, Fink noticed that a man at a neighboring table 
had carefully lettered something on his menu card, 
placed the message in front of his beer mug, and then 
retired to the rest room. Putting action behind his curi- 
osity, Fink stepped over and read the card: “Do not 
drink this; I have spit in it.” When the man returned to 
his table, he found a reply to his warning: “So have we!” 

It was probably some such prank as this which led to 
Dad’s being challenged to a duel in Leipzig. At any rate, 
there was an occasion when his bent for wit must have 
gotten out of hand, and some fellow felt that his honor 
had been impugned. Fink knew he’d have no chance with 
swords, so he had his second acquire the most fearsome- 
looking guns he could find and offered one to the chal- 
lenger, who quickly bowed out of the affair, and the duel 
never came off. 

That Colin G. Fink was a conscientious student at 
Leipzig is attested to by the fact that he received his M.S. 
and Ph.D. degrees, summa cum laude. But, in talking of 
those days, he would be more likely to speak of vacation 
adventures with his friends. One such experience ended 
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in tragedy. With several students, he was hiking across 
a single-track railroad trestle which had neither pedes- 
trian walk nor railing. At the sudden appearance of a 
speeding train, the others jumped from the bridge or 
tried unsuccessfully to hang from the ends of the railroad 
ties. Dad, instead, threw himself flat between the rails, 
and the train passed over him, leaving him unharmed. 


On another hiking expedition in the Italian Alps, Dad 
was saved from possible disaster because he befriended 
a stray dog in a small village. The dog gratefully followed 
the boys up the mountain slopes. A sudden snow storm 
covered the path of their ascent, and the group had not 
bothered to hire a guide. On the way down, the dog 
would bound ahead where the path was safe, but stop 
and sniff suspiciously where a thin crust of ice covered 
a hidden crevasse. 


Another small dog of dubious ancestry shared Dad’s 
love of all life for more than seventeen years, and several 
“generations” of young chemists at Columbia will recall 
the little black and white “terrier” who had a place of 
honor under Dad’s desk and was his frequent companion 
on campus. When “Tibby” was just a puppy, he was car- 
ried about with just head and front paws sticking out of 
Dad’s big overcoat pocket. One morning in the elevator, 
a dignified matron asked, “What kind of dog is that?” 
Dad, true to his insistence for not stating conclusions 
beyond known facts, quipped accurately, “He’s a son of 
a bitch.” 

Years of very busy work as a Columbia Professor, in- 
dustrial consultant, and as Secretary of The Electrochem- 
ical Society were spiced by summer week-ends at his 
summer cottage in Keansburg, N. J., where he had some 
chance to relax with his family and to find a change of 
pace by doing house repairs and gardening. The neigh- 
bors in Keansburg remember him affectionately as “The 
Professor.” Even in his summer place, he kept a lively 
research interest in happenings about him. He was, for 
example, much interested in the nutritional advantages 
of trace elements in the diet. One summer, he brought to 
the country a large brown buck rabbit from his Colum- 
bia laboratories. A neighbor gave us a white female rab- 
bit. I’m sure that Dad would be the first to insist on fur- 
ther experimentation on the results of minute amounts 
of copper in a rabbit’s diet, but, in an astonishingly short 
time, he had 26 rabbits helping him to weed the garden! 

There were also occasional family trips to Bermuda at 
Christmas time, and once, in 1927, to Miami Beach. I 
particularly remember that boat trip down the coast 
from New York City, partly because of my boyish pleas- 
ure at meeting Gene Tunney, but also because of another 
amusing outcome of Dad’s sense of humor. He would 
often state something highly improbable as fact, and do 
it with such a straight face that others would be taken in. 
Usually he would set the record straight after an appro- 
priate interval, but this time things got a bit out of hand. 
The passengers were asked to list their hobbies and other 
data for the small shipboard newspaper. Dad wrote: “Big 
game hunting in British Columbia.” The note that Pro- 
fessor Fink had just returned from a big game hunt was 
picked up and published by the Miami papers. 

Other trips away from his office and classrooms at 
Columbia took him to meetings of The Electrochemical 
Society, on lecture tours in this country, Canada, and 
Europe. He was a popular lecturer, blessed with the art 
of making scientific facts come alive with interest. 
Mother accompanied him on these trips and was of in- 
valuable assistance to him at ECS meetings. She teased 
Dad about his first reaction when, on a lecture tour in 
the Northwest, the car in which they were riding was hit 
broadside by another car. His first question to her was 
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not, “Are you hurt?,” but rather, “Are the lecture slides 
broken?” 

Dad made important contributions to various scientific 
advances, but he also particularly enjoyed his work with 
antiquities. He discovered a rather ingenious method of 
reversing the corrosion of badly damaged art objects by 
electrolysis. He was thus able to restore the normal con- 
tours of ancient Egyptian bronze statues, and other art 
objects and artifacts, once considered so defaced that 
they were not even placed on exhibition. Of particular 
interest was his proof that most if not all of the Dare 
Stones of South Carolina and Georgia were fakes, but 
that the Drake Plate of California was genuine. He thus 
confirmed the historic landing of Sir Francis Drake near 
San Francisco in 1579. 

The seemingly miraculous restoration of art objects, 
along with his considerable reputation in other fields, did 
lead one client to expect the impossible. This person had 
sent to Dad a badly mineralized bronze horse, whose tail 
had broken off in some ancient accident. When Dad re- 
turned the horse to its owner, free of corrosion, he re- 
ceived a letter expressing disappointment with the re- 
sults: “Your process still needs development. Where’s 
the horse’s tail?” 

Of course, accomplishing, through electrochemistry, 
results that men had heretofore considered impossible, 
or at least highly improbable, was the story of Colin G. 
Fink’s genius as a scientist. But those facts alone are not 
the story of his life as a man with his family, co-workers, 
friends, and students. The dedication of the 1933 edition 
of The Columbia Engineer expresses it well: “We dedi- 
cate this Year Book to Colin Garfield Fink, whom we 
have come to like so well for his friendliness and under- 
standing; and for his knowledge which he so ably imparts 
to others.” 


In 1947, a testimonial dinner was held in connection 
with the Boston Convention of The Electrochemical So- 
ciety. At that meeting, an Address was presented by Dr. 
J. W. Marden of Westinghouse in collaboration with Mr. 
H. E. Grimm (see footnote 2). A section of this Address 
dealing with Professor Fink’s services to the Society is 
very appropriate. 


“When Dr. Fink became Secretary of The Electro- 
chemical Society in 1921, the finances of the Society were 
at a very low ebb (actually living on borrowed funds to 
tide through the year), and publication of the Society’s 
TRANSACTIONS was four volumes behind. Through econ- 
omies, skillful management of the office, and particularly 
by attracting new members, the financial situation 
showed immediate and substantial improvement. While 
there was a recession in both finances and membership 
during the depression years, the Society continued to 
be solvent with a modest cash balance. The era of finan- 
cial strength began in 1940 with the establishment of 
sustaining memberships. Very largely through Dr. Fink’s 
efforts, this valuable corporation support of the Society 
has been developed until at present sixty companies are 
maintaining sustaining memberships. 

“Dr. Fink with his faith in the purposes and his en- 
thusiasm for the work of the Society has done many 
things to increase membership and to promote the pro- 
fession of electrochemistry through the Society. For ex- 
ample, it was largely through his efforts that both the 
Acheson Medal and Weston Fellowship funds were es- 
tablished; he established the Roeber Research Fund in 
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1933 by donating the $1000 prize money bestowed upon 
him that year as recipient of the Acheson Medal and 
prize. Dr. Fink, it was, who first proposed the Young 
Author’s Prize Fund. Dr. Fink employed many less pub- 
licized methods of attracting members; it is even rumored 
that the wise student in his classes lost no time in taking 
out membership in the Society. 


“During the years, Dr. Fink, as everyone knows, has 
given lavishly of his own time to the service of the So- 
ciety. Arriving at the office about seven o’clock in the 
morning, he has spent many hours of every day on So- 
ciety affairs—editorial work, correspondence, planning of 
conventions, preparation for Board meetings, etc. For all 
of this, he has never received a penny in remuneration. 
He appears to have gotten his compensation in the reali- 
zation of the service that he has been to the Society and 
to the profession of electrochemistry.” 


Other facts dealing with Professor Fink’s association 
with our Society would include such items as the fact 
that he joined in 1907, just five years after the founding 
of the Society. He was the 15th President, serving in 1918. 
At the time of his retirement as Secretary, in connection 
with the testimonial dinner, a scroll was presented to 
him, which was inscribed as follows: 


COLIN G. FINK 


THE ELECTROCHEMICAL SOCIETY 
SALUTES 
COLIN GARFIELD FINK 
DISTINGUISHED SCIENTIST, INSPIRING TEACHER, 
AMIABLE FRIEND, 
AND HAS THE HONOR TO BESTOW THIS SCROLL 
In APPRECIATION AND GRATEFUL RECOGNITION OF 
SERVICE TO THIS SOCIETY 
GeorcE W. HeEIsE, President 
R. M. Burns, Secretary 


October 16, 1947 


and Professor Fink was named Secretary Emeritus. This 
came as a reward for twenty-six years of continuous 
service as Secretary through two very trying periods, 
the first being the depression of the 1930’s, and the sec- 
ond, World War II, when much government red tape was 
involved in any technical publication and the difficulties 
of travel even made it necessary to cancel a meeting. 
However, through the diligent services of Professor Fink, 
The Electrochemical Society came through both of these 
national catastrophes stronger than ever and, for this 
reason, many of his old students, professional associates, 
and co-workers in the Society feel that his name must be 
honored in some tangible and perpetual fashion. It is with 
this purpose in mind that the Colin Garfield Fink Fellow- 
ship Fund has been established. 
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Current Affairs 


Three Electrochemical Society 
members were among those an- 
nounced as award winners at the 
48th Annual Convention of the 
American’ Electroplaters’ Society, 
held June 18-23, 1961, at the Statler 
Hilton Hotel in Boston, Mass. 


Abner Brenner, chief of the Elec- 
trodeposition Section of the National 
Bureau of Standards, Washington, 
D. C., was named the fourth winner 
of the AES Scientific Achievement 
Award, the society’s highest scientific 
honor. The Selection Committee was 
composed of William M. Tucker, 
Chairman, William Blum, Myron B. 
Diggin, Henry B. Linford, Louis 
Weisberg, and Harold J. Wiesner. 
Among those present at the Opening 
Session was William Blum who was 
the first winner of the same annual 
award. Dr. Brenner, like Dr. Blum, 
Dr. A. Kenneth Graham, second win- 
ner, and Dr. Charles L. Faust, third 
winner, earned selection by his “dec- 
ade-plus” accomplishments in ad- 
vancing the theory and practice of 
electroplating, metal finishing, and 
allied arts; in raising the quality of 
its processes and products, and in en- 
hancing the dignity and status of the 


Electrochemical Society Members Announced as Winners 


of AES Awards 


profession. Dr. Brenner will deliver 
the fourth annual “William Blum 
Lecture” at the 49th Annual Conven- 
tion of the AES to be held in Mil- 
waukee, Wis., June 24-28, 1962. 
Thereafter, he will receive the $500 
honorarium of the AES Scientific 
Achievement Award and a laminated 
scroll. 


Harold J. Read, professor of physi- 
cal metallurgy at the Pennsylvania 
State University, University Park, 
Pa., was the recipient of the second 
Charles Henry Proctor Memorial 
Leadership Award, the AES’ highest 
nonscientific, nontechnical award. 
The award was conferred for out- 
standing leadership and AES service 


performed as creator of the ac-. 


claimed “Hydrogen Embrittlement in 
Metal Finishing” Symposium held by 
the society at its Los Angeles Con- 
vention in July 1960, and service as 
AES Editor of the book being pub- 
lished embodying not only these 
convention papers but also others 
marshaled for the AES on that sub- 
ject by Dr. Read. Dr. Read was pre- 
sented with a $150 cash award plus 
a laminated scroll on Friday evening, 
June 23, by Selection Committee 


Chairman W. Andrew Wesley. The 
others on the Committee were Mr. 
and Mrs. Osborne Preston, John P. 
Nichols, D. G. Foulke, Samuel S. 
Johnston, Warren B. Eliot, and Wil- 
liam M. Robinson. 

The AES’ newly established Zinc 
Award went to coauthors Hugh R. 
Miller, Robert W. Hardy, William H. 
Safranek, and Charles L. Faust of 
Battelle Memorial Institute, Colum- 
bus, Ohio, for their paper entitled 
“Data on the Corrosion Resistance of 
Electroplated Zinc Die Castings.” 
The paper covers one facet of a con- 
tinuing research program at Battelle 
directed toward improved plating on 
zine die castings, such as those used 
in the decorative trim of automo- 
biles. 

The Chromium Plating Award was 
presented to William H. Safranek 
and Robert W. Hardy for their paper 
entitled “Use of Selenic Acid for 
Plating Microcracked, Protective, 
and Decorative Chromium Plate.” 
The paper describes research con- 
ducted by the Battelle Technologists 
which has resulted in the use of a 
selenium acid additive in plating 
solutions to obtain improved chro- 
mium plate. 


Manuscripts and Abstracts for Spring 1962 Meeting 


Papers are now being solicited for the Spring Meeting of the Society, to be held at the Statler Hilton Hotel in 
Los Angeles, Calif., May 6, 7, 8, 9, and 10, 1962. Technical Sessions probably will be scheduled on Electric Insula- 
tion, Electronics (including Luminescence, Semiconductors, Optical Masers, 
Emitters), Electrothermics and Metallurgy (including a Symposium on Thermodynamics and Kinetics of Gas- 
Condensed Phase Reactions at High Temperatures), Industrial Electrolytics, and Theoretical Electrochemistry. 

To be considered for this meeting, triplicate copies of abstracts (not exceeding 75 words in length) must be 
received at Society Headquarters, 1860 Broadway, New York 23, N. Y., not later than December 15, 1961. Please 
indicate on abstract for which Division’s symposium the paper is to be scheduled and underline the name of the 
author who will present the paper. No paper will be placed on the program unless one of the authors, or a quali- 
fied person designated by the authors, has agreed to present it in person. An author who wishes his paper con- 
sidered for publication in the Journat should send triplicate copies of the manuscript to the Managing Editor of 
the JOURNAL, 1860 Broadway, New York 23, N. Y. 

Presentation of a paper at a technical meeting of the Society does not guarantee publication in the JourNAL. 
However, all papers so presented become the property of The Electrochemical Society, and may not be pub- 
lished elsewhere, either in whole or in part, unless permission for release is requested of and granted by the 
Editor. Papers already published elsewhere, or submitted for publication elsewhere, are not acceptable for oral 
presentation except on invitation by a Divisional program Chairman. 
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Division News 


Electric Insulation Symposium, 
Spring 1962 

The Electric Insulation Division 
plans to hold symposia at the 121st 
Meeting of The Electrochemical So- 
ciety to be held at the Statler Hilton 
Hotel in Los Angeles, Calif., during 
the period May 6-10, 1962. Plans are 
being made for sessions to be held 
on the following subjects: 

(A) Ceramics and Integrated Cir- 
cuits. Session Chairman: B. R. Eich- 
baum, Aeronutronics, Newport 
Beach, Calif. 

(B) Thin Film Dielectrics and 
Electrolytic Capacitors. Session 
Chairmen: G C. Houtz, Bell Tele- 
phone Labs., Inc., Murray Hill, N. J., 
and R. A. Ruscetta, General Electric 
Co., Irmo, S. C. 

(C) Reliability. Session Chair- 
man: Hans M. Wagner, Lockheed 
Aircraft Corp., 3251 Hanover St., 
Palo Alto, Calif. 

(D) Paper. Session Chairman: 
E. D. Eich, Anaconda Wire & Cable 
Co., Hastings-on-Hudson, N. Y. 

As in the past, all that is re- 
quired for presentation at an Electric 
Insulation session is that a 75-word 
abstract be in the hands of the Ses- 
sion Chairman by December 15, 1961. 

B. R. Eichbaum, 
Secretary-Treasurer 


E & M Symposium, Spring 1962 

As a part of the Spring 1962 Meet- 
ing of The Electrochemical Society, 
to be held in Los Angeles, Calif., 
May 6-10, the Electrothermics and 
Metallurgy Division will hold a 
symposium on “Thermodynamics and 
Kinetics of Gas-Condensed Phase 
Reactions at High Temperatures.” 


Electronics Symposia, 
Spring 1962 

For the 1962 Los Angeles Spring 
Meeting of The Electrochemical 
Society, the Electronics Division is 
planning four symposia. In addition 
to the usual sessions on Lumines- 
cence and Semiconductors, symposia 
on Optical Masers and on Noncon- 
ventional Electron Emitters are to 
be scheduled. 

The Program Chairmen for these 
symposia are: 


Luminescence—Dr. Henry Ivey, 
Research Dept., Lamp Div., 
Westinghouse Electric Corp., 
Bloomfield, N. J. 

Semiconductors—Dr. Roger New- 
man, Sperry Rand Corp., Sud- 
bury, Mass. 

Optical Masers—Dr. Joseph Bir- 
man, General Telephone & Elec- 
tronics Labs., Bayside Labs., 


CURRENT AFFAIRS 


Bayside 60, N. Y. 

Nonconventional Electron Emit- 
ters—Dr. Charles P. Marsden, 
Section 14.2, National Bureau 
of Standards, Washington 25, 


In order for a paper to be ac- 
cepted in the first three of these 
symposia, triplicate copies of a 75- 
word abstract should be sent direct 
to the above Program Chairmen 
and be in their hands not later than 
December 15, 1961. Because of spe- 
cial planning required for the sym- 
posium on Nonconventional Electron 
Emitters, 75-word abstracts are re- 
quired by October 15, 1961. 

Papers will be accepted for the 
above symposia only with the un- 
derstanding that a 1000-word ex- 
tended abstract will be submitted in 
time for inclusion in the Electronics 
Division Abstracts booklet. Dead- 
line date for extended abstracts is 
January 15, 1962. It is expected that 
this booklet will be available about 
one month prior to the meeting. In 
preparing the enlarged abstract the 
following points should be observed. 

1.Type abstracts double-spaced 
on 8% in.x1l1 in. paper. Send at 
least one original copy. 

2. Try to restrict the abstract to 
approximately 1000 words. 

3. Keep the number of drawings 
or photographs to a minimum. 

4. If you must submit photo- 
graphs, submit only glossy prints 
with sharp detail. Size is preferably 
5 in. x 7 in. 

5. Drawings preferably should be 
made on tracing cloth, 8% in.x11 
in., with India ink. Do not use larger 
size. Do not send carbon copy or 
Ditto drawings, since these would 
have to be redrawn. 

In addition to the above special 
requirements, the usual Society 
regulation will be observed that no 
paper will be placed on the program 
unless one of the authors or a duly 
qualified person designated by the 
authors has agreed to present it in 
person. 


Section News 


Chicago Section 

Dr. Ralph Wehrmann, the new 
Chairman of the Section, called a 
meeting on Friday evening, June 23, 
to discuss Section activities for the 
coming year. 

The newly elected Section officers 
for 1961-1962 are: 


Chairman—Ralph Wehrmann, 
Fansteel Metallurgical Corp., 
2200 Sheridan Rd., North Chi- 
cago, Ill. 
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Vice-Chairman—Raymond D. 
Chelton, Continental Can Co., 
Inc., 7622 S. Racine Ave., Chi- 
cago 20, Ill. 

Treasurer—John J. Daly, Jr., Con- 
tinental Can Co., Inc., 1350 W. 76 
St., Chicago 20, Ill. 

Local Section Councilor (1961- 
1964)—E. L. Koehler, Continen- 
tal Can Co., Inc., 7622 S. Racine 
Ave., Chicago 20, 

Chicago Technical Societies Coun- 
cil Representative—E. L. Koeh- 
ler 

C. A. Hampel continues as Local Sec- 

tion Councilor (1960-1962). 


An informal discussion was held 
concerning the types of subjects to 
be discussed during fall and winter 
monthly meetings of the Local Sec- 
tion, an attempt being made to iden- 
tify the major interests in this par- 
ticular Section. Branches of the 
science such as batteries, corrosion, 
insulation, semiconductors, electro- 
organics, and others of general in- 
terest were included in the discus- 
sion, the purpose of which was 
simply to give the greatest emphasis 
to the sciences most prevalent in this 
area. 

The Local Section meeting site was 
not changed; it remains at Chicago 
Engineers Club, 314 S. Federal. 
Meeting dates have been changed to 
the second Thursday of the month, 
beginning with October and ending 
with April. The meeting in January 
1962, however, will occur on 
Wednesday, January 24. The new 
officers were assigned the task of 
securing “top-notch” speakers for 
the monthly meetings. 

The meeting was adjourned with 
great hopes for the future of the So- 
ciety, with particular emphasis on 
the ensuing year. 

George Timmings, Secretary 


Personals 


M. M. Beckwith has left Harshaw 
Chemical Co., Cleveland, Ohio, to 
take a position with R. O. Hull & Co., 
Inc., Rocky River, Ohio. 


James F. Brady has joined the 
materials and equipment section of 
Monsanto Chemical Co.’s Research 
and Engineering Div. at St. Louis, 
Mo., after serving with McDonnell 
Aircraft Corp., St. Louis. 


N. H. Furman has been appointed 
R. J. Reynolds Tobacco Co. Professor 
of Chemistry, Wake Forest College, 
Winston-Salem, N. C. A master’s de- 
gree program in chemistry and in 
five other departments is being in- 
stituted at Wake Forest College this 
fall. 
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Ronald T. Macdonald has been 
appointed to the position of research 
associate at the California Research 
Corp., Richmond, Calif. Dr. Macdon- 
ald joined Calresearch in 1935. His 
early work was concerned with 
greases and industrial lubricants. 
Recently, he served as a technical 
specialist on the staff of Calresearch’s 
vice-president for petroleum prod- 
ucts. He currently is conducting a 
basic study of the mechanism of the 
chemical reactions occurring at fuel 
cell electrodes. 


Stanley M. Norwood, noted metal- 
lurgist and vice-president of Union 
Carbide Metals Co., Div. of Union 
Carbide Corp., New York City, was 
honored on August 31 with a testi- 
monial dinner on the occasion of his 
retirement. He was presented with 
a stainless steel tray bearing the in- 
scription: “To Stanley M. Norwood, 
from his many friends at Union Car- 
bide on the occasion of his retire- 
ment after 43 years of meritorious 
service.” 

During the early part of his career 
with Union Carbide, Mr. Norwood 
was a pioneer in the development, 
production, and fabrication of stain- 
less and alloy steels. He worked 
closely with the stainless steel pro- 
ducers in the development of the 
various grades of stainless in the 
form of seamless tubes, sheets, bars, 
and wire. In addition, he cooperated 
closely with fabricators of various 
equipment such as tanks and piping 
used in the chemical industry and by 
dairies, and on other now prominent 
applications of this steel. These ef- 
forts contributed greatly to the pres- 
ent acceptance and wide use of stain- 
less steel in industry. 

Mr. Norwood will continue to be 
associated with Union Carbide Met- 
als Co. on a consulting basis. 


David R. Rhodes has completed 
work toward the Ph.D. degree at the 
University of Illinois and has joined 
the Petroleum Products group, Rich- 
mond Lab., California Research 
Corp., as a research chemist. 


Harry L. Saums, consulting engi- 
neer for magnet wire at the Ana- 
conda Wire and Cable Co.’s Magnet 
Wire Research and Development 
Lab., Hastings-on-Hudson, N. Y., has 
received an honorary electrical en- 
gineering degree from South Dakota 
State College. This was the first such 
degree ever awarded by the college. 

Mr. Saums has spent the last 30 
years in magnet wire technical re- 
search and development work for 
Anaconda. He helped establish the 
Magnet Wire Lab. 11 years ago and 
was its director until recently, when 
he was relieved of routine adminis- 
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trative duties in order that his full 
time could be devoted to experi- 
mental and development work on 
high-temperature conductors and in- 
sulations. 


Sumner Sheff is now senior engi- 
neer in the Materials Dept. at Mo- 
torola Semiconductor Products Div., 
5005 E. McDowell Rd., Phoenix, Ariz. 
His former association was with 
Raytheon Co., Semiconductor Div., 
Newton, Mass. 


Book Reviews 


Metallic Corrosion Inhibitors, by 
I. N. Putilova, S. A. Balezin, and 
V. P. Barannik. Translated from 
the Russian by G. Ryback. Pub- 
lished by Pergamon Press, Inc., 
New York-—London-Paris, 1960. viii 
+ 196 pages; $10.00. 

This is a review and discussion of 
theory and practice in the applica- 
tion of inhibitors. The first two chap- 
ters review the general requirements 
for inhibitors, classify them into 
types such as adsorption, film-form- 
ing, deactivation of medium (as ox- 
ygen or nitrous acid removal), 
passivation, extension of induction 
period; and discuss inhibition mech- 
anism. Four more chapters deal with 
inhibition in aqueous acids, aqueous 
bases, nearly neutral salt solutions, 
nonaqueous or mixed media, and 
protection against the atmosphere, 
particularly in “mothballing” or 
storage. 

About 350 materials used or tested 
as inhibitors are mentioned, the 
more important ones being discussed 
in detail, with considerable illus- 
trative quantitative data. The nature 
of some commercial inhibitive prep- 
arations used in Soviet industry is 
discussed, and the appendices give 
directions for using these in pick- 
ling and boiler cleaning. 


Notice to Members and Subscribers 
(Re Changes of Address) 


To insure receipt of each is- 
sue of the JOURNAL, please be 
sure to give us your old address, 
as well as your new one, when 
you move. Our records are filed 
by states and cities, not by in- 
dividual names. The Post Office 
does not forward magazines. 

We should have this informa- 
tion by the 16th of the month 
to avoid delays in receipt of the 
next issue. 
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Some 330 literature and patent 
references are given, 45% of them 
to Soviet publications (including 
Russian translations of well-known 
books in other languages). The 
latest references are to 1955. The 
emphasis is on practical uses of in- 
hibitors, and the theory is at times 
outmoded or contradictory, since 
different viewpoints are presented 
with little criticism. The authors 
favor the film formation viewpoint, 
feeling that strong adsorption is 
only a preliminary to chemical re- 
action. 

The text is reproduced from type- 
written copy but is easily readable. 
There are very few errors. 


C. V. King 


Thermodynamics, 2nd Edition, by 
Gilbert Newton Lewis and Merle 
Randall. Revised by Kenneth S. 
Pitzer and Leo Brewer. Published 
by McGraw-Hill Book Co., New 
York, 1961. 723 pages; $12.50. 
The first edition of this book con- 

sisted of two parts, a textbook on 
chemical thermodynamics and a cri- 
tical compilation of thermodynamic 
data. The revision brings the text- 
book up to date. However, since the 
large amount of data which has ac- 
cumulated since 1923 is now avail- 
able in many volumes issued by 
several continuing projects, these 
latter are described in an appro- 
priate section of the book. The re- 
visors do include as appendices 
several useful tables and such 
thermodynamic data as would be 
useful in solving the many problems 
in the text. 

The first thread of the chapters, 
constituting an introduction to the 
first two laws, is essentially the 
original text. However, it is evident 
that every line has been carefully 
scrutinized before retention. Small 
changes in wording, interpolation of 
some new sections, and revision of 
the numerical data used as illustra- 
tive material occur throughout. 

The remaining two thirds make a 
modern text of this revision. New, 
expanded chapters include those on 
real gases; the critical state and re- 
duced coordinates; the third law 
(completely revised); nonelectrolyte 
and polymer solutions, regular so- 
lutions; theories of electrolyte so- 
lutions; statistical thermodynamics; 
irreversible thermodynamics; sur- 
face, gravitational, electrical, and 
magnetic effects; multicomponent 
systems; hydrogen and helium at 
low temperatures. The concept of 
the Gibbs chemical potential is in- 
troduced and applied, especially in 
the chapter on solutions. Readers of 
this JouRNAL will be interested in 
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the handling of the concept of elec- 
trode potentials. The term “elec- 
trode potential” is reserved for the 
original Gibbs definition, essentially 
the same as the Stockholm Conven- 
tion definition. This is not in con- 
flict with the sign convention used 
in physical chemistry. As an exam- 
ination of recent physical chemistry 
texts will show, the word potential 
is always modified by oxidation (or 
reduction). “Oxidation potentials” 
are also used in this revision. As 
long as it is remembered that such 
a potential is always associated with 
a half reaction which is an oxida- 
tion, it need not lead to difficulty. 
The proper combination of “oxida- 
tion potentials” leads to the same 
signs for the electrodes of a cell as 
do “electrode potentials.” 

To sum up, this classic of the 
‘twenties has been made into a text 
for the ’sixties. 

David Lewis 


News Items 


1962 Appalachian 
Underground Corrosion Short Course 

The Appalachian Underground 
Corrosion Short Course, held an- 
nually at West Virginia University, 
Morgantown, W. Va., covers basic, 
intermediate, and advanced subjects 
on underground corrosion, and in- 
cludes exhibits and field demonstra- 
tions. 

Dates for the 1962 course will be 
announced in a later issue; the offi- 
cers for 1962 are: General Chairman, 
E. K. Bensen, New York Telephone 
Co.; Program Chairman, C. W. 
Beggs, Public Service Electric and 
Gas Co.; Exhibits Chairman, G. G. 
Campbell, West Virginia University; 
Operations Chairman, L. H. West, 
Standard Oil Co. (Ohio); Publica- 
tions Chairman, F. A. Radford, Cabot 
Corp.; Publicity Chairman, W. E. 
Cook, Jr., Pipe Line Service Corp.; 
and Registration Chairman and Sec- 
retary, R. E. Hanna, Jr., West Vir- 
ginia University. 

Attendance at the 1961 Course 
reached a total of 600. 


Conference on Anodized Aluminum 
The Aluminium Development As- 
sociation, London, with the Univer- 
sity of Nottingham Dept. of Metal- 
lurgy, held a residential Conference 
on Anodized Aluminum at the Uni- 
versity from September 12 to 14. 
The aim of the conference was two- 
fold: to provide an opportunity for 
anodizers, users of anodized alumi- 
num, and the industry in general to 
discuss the latest technical develop- 
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ments; to give research workers in 
the field an opportunity to discuss 
the fundamental aspects of their 
subject. 

Fifteen papers were presented in 
six technical sessions: I. Anodizing 
from the User’s Viewpoint; II. Spe- 
cial Surface Characteristics; III. 
Current Views on Anodic Coatings; 
IV. Industrial Applications; V. The- 
ory of Related Processes; VI. Ad- 
vances in Anodizing Techniques. The 
papers were printed and distributed 
before the conference. 

Further information can be ob- 
tained from the Secretary, The Alu- 
minium Development Association, 33 
Grosvenor St., London, W. 1, Eng- 
land. 


Wiley Merger with Interscience 
Publishers 

A joint statement was issued re- 
cently by John Wiley & Sons, Inc., 
and Interscience Publishers, Inc., 
announcing the merger of the two 
publishing houses under the name 
of John Wiley & Sons, Inc. The 
merger was made through the ac- 
quisition by Wiley of all Interscience 
stock. 

The expansion of the editorial pro- 
grams of both houses will be main- 
tained and the Interscience imprint 
will continue as a separate Wiley 
Division under the direction of the 
present officers of Interscience. 


Notice to Subscribers 


Your subscription to the 
JOURNAL of The Electrochem- 
ical Society will expire on 
December 31, 1961. Avoid miss- 
ing any issue. Send us your 
remittance now in the amount 
of $24.00 for your 1962 sub- 
scription. (Subscribers located 
outside the United States must 
add $1.50 to the subscription 
price for postage, and payment 
must be made by Money Order 
or New York draft, not local 
check.) An expiration notice 
has been mailed to all sub- 
scribers. 

A bound volume of the 1962 
JOURNALS can be obtained at 
the prepublication price of 
$8.00 by adding this amount 
to your remittance. However, 
no orders will be accepted at 
this rate after December 1, 
1961, when the price will be 
increased to $24.00 subject to 
prior acceptance. Bound vol- 
umes are not offered independ- 
ently of your JOURNAL sub- 
scription. 
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Maurits Dekker and Eric S. Pros- 
kauer have become vice-presidents 
of Wiley and members of its board 
of directors. Dr. Proskauer will 
serve as Editor-in-Chief of the In- 
terscience Publishing Program, and 
Dr. Dekker will devote his attention 
to research and development on a 
company-wide basis. 

The joining of forces of the two 
firms will add more than 650 scien- 
tific and technical reference works 
to Wiley’s current list of over 1800 
titles in science, engineering, and the 
social sciences. It is believed that 
the Interscience list, with its em- 
phasis on the highly specialized 
areas of scientific and technical re- 
search, will complement ideally the 
existing Wiley titles, which show a 
more diversified range of interest. 


Certification of Unsaturated 
Standard Cells Discontinued by 


The National Bureau of Standards 
has discontinued the certification of 
emf of unsaturated standard cells as 
of June 30, 1961. An exception will 
be made for public utilities and 
other agencies having operations of 
such a nature as to require these 
services from the Bureau. This ac- 
tion is in keeping with the Bureau’s 
long-standing policy of discontinu- 
ing certain measurement services 
which become adequately available 
at other laboratories. The Bureau 
will continue, however, to conduct 
referee tests or to undertake cali- 
bration of unsaturated cells when 
special or unusual circumstances are 
involved. 

Part of the time previously spent 
in the testing and certification of un- 
saturated cells now will be allocated 
to the increasing number of satu- 
rated cells, and part of it will be 
devoted to basic research on satu- 
rated cells having greater stability 
and a lower temperature coefficient 
of emf. 


Ground Broken for New N.B.S. 
Laboratories 

On June 14, 1961, ground was 
broken for the new National Bu- 
reau of Standards laboratories at 
Gaithersburg, Mc. The ceremony 
signaled the initial construction 
phase for a 20-building, $104,000,000 
research facility which will permit 
complete relocation of the Bureau 
from Northwest Washington to the 
555-acre site in Montgomery County. 

The ground breaking took place 
on the site for a high-priority facil- 
ity, an Engineering Mechanics Lab. 
This building will house a 1,000,000- 
pound dead weight machine which 
will enable the Bureau to provide 
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urgently needed force measurement 
standards to meet the multimillion- 
pound thrust requirements of the 
space program. The initial construc- 
tion phase, in addition to the Engi- 
neering Mechanics Lab., calls for a 
boiler plant and site development. 
Later work will include construction 
of a Radiation Physics Lab. (includ- 
ing a linear accelerator), seven 
modern’ interconnecting general- 
purpose laboratory buildings, a num- 
ber of additional special purpose 
laboratories, and an atomic reactor. 

In addition to the 1,000,000-pound 
dead weight machine, the Engineer- 
ing Mechanics Lab. will contain a 
gravity chamber, other dead weight 
testing machines of 100,000 pounds 
and 300,000 pounds capacity, a ver- 
tical tension and compression testing 
machine capable of loads up to 
10,000,000 pounds, and an Emery 
horizontal testing machine with a 
capacity of 2,300,000-pound loads in 
compression and _ 1,500,000-pound 
loads in tension. 


Study of Coatings Formed by 
Cathodic Protection 

Coatings that form on steel being 
cathodically protected from salt wa- 
ter corrosion effectively reduce the 
amount of externally applied cur- 
rent required, according to a recent 
National Bureau of Standards ex- 
periment. Polarization measurements 
made near the end of a period of 
almost five years of exposure showed 
that protection was maintained, even 
though the protective current ul- 
timately was reduced more than 200- 
fold. Experimental data derived 
from the study may be applied to 
certain types of corrosion problems 
(1). Spectrochemical analysis showed 
the coatings to consist mainly of 
calcium carbonate although some 
silicates were present. 


Reference 

1. For further technical details, see 
“Coatings Formed on Steel by 
Cathodic Protection and Their 
Evaluation by Polarization Meas- 
urements,” by W. J. Schwerdt- 
feger and R. J. Manuele, J. Re- 
search Nat. Bur. Standards, 65C, 
No. 3 (1961). 


Notice to Members 
Re Voting Ballot 


You soon will receive your 
official voting ballot from So- 
ciety Headquarters. Please re- 
turn it by December 15 so that 
your vote can be included in 
the final election count. 
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Yardney Electric Reveals New 
Fuel Cell Principle 

An entirely new concept in elec- 
trode design may lead to a commer- 
cial breakthrough in fuel cell re- 
search and development according 
to Yardney Electric Corp. The new 
principle of electrode design is the 
result of an extensive research pro- 
gram conducted by Yardney Inter- 
national Corp. under the direction 
of Ricardo Salcedo, Spanish scientist 
and founder of the Institute of Ap- 
plied Physics in that country. 

The Yardney fuel cell concept in- 
volves the use of electrodes treated 
with radioactive isotopes. This 
method, for which patent applica- 
tions have been filed, has produced 
an impressive decrease in polariza- 
tion as compared with untreated 
electrodes. Military sources have 
shown particular interest in the new 
development. 

The techniques used to manufac- 
ture the Yardney fuel cell electrode 
indicate that an extremely flexible 
plate design may be developed. The 
use of oxygen electrodes made of 
sintered porous silver would permit 
the construction of a simplified basic 
cell design that will be more resist- 
ant to environmental stresses than 
any of the systems known at pres- 
ent. 

Testing of the new fuel cell con- 
cept shows that the use of radioiso- 
topes as catalyst for the oxygen elec- 
trode in low-temperature alkaline 
electrolyte permits a current density 
of 150 ma/cm* to be sustained for 
extended time periods at polariza- 
tions of 0.2-0.3 v. To the time of this 
printing, tests show that the voltage 
does not change with time. Research 
is now being conducted to determine 
the ultimate operating life of radio- 
isotope impregnated electrodes. 


High-Purity Cesium Available 
from Dow 

The Dow Chemical Co.’s produc- 
tion of cesium in the exceptionally 
high purity of over 99.9% recently 
was announced by W. J. Rave, man- 
ager of the Metals Dept. The metal 
is priced at $375.00 a pound in quan- 
tities of one to four pounds, and 
$325.00 a pound for five to nine 
pounds. Less than a pound is avail- 
able at $1.00 a gram with a packag- 
ing charge depending on the size of 
the ampules. 

Cesium is sold by Dow in steel and 
glass containers and also in a multi- 
ampuled “porcupine” package. The 
“porcupine” is designed to assist 
researchers using cesium in small 
amounts. A number of graduated 
ampules protrude from the body of 
the glass package; these cesium- 
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containing units can be sealed off 
individually without contaminating 
the metal. 

Current cesium production in the 
United States is only a few hundred 
pounds annually, but steady growth 
is predicted. Dow’s Metals Dept. pro- 
duces cesium in Midland, Mich., 
through a metal-reduction process 
developed by Robert J. Moolenaar 
in the Electrochemical and Inorganic 
Chemical Research Lab. Production 
capacity is several pounds a day, but 
expansion would be no problem. The 
company has been this country’s 
only producer of cesium bromide 
since a process for separating it from 
the other alkali bromides, by use 
of liquid bromine as a solvent, was 
discovered by V. A. Stenger and 
W. R. Kramer in a Dow laboratory 
15 years ago. 


M.1.T. Awarded Advanced Research 
Projects Agency Contract 

The Massachusetts Institute of 
Technology, Cambridge, has been 
notified of a $3,275,000 contract from 
the Advanced Research Projects 
Agency for materials research, Dr. 
Julius A. Stratton, president of M.I.T. 
announced recently. 

The contract is one of five for a 
total of $13,375,000 made with five 
universities under the Dept. of De- 
fense Interdisciplinary Materials 
Laboratory Program. It will make 
possible extensive basic research at 
M.LT. in a new $6,000,000 Center for 
Materials Science and Engineering, 
funds for which are now being 
sought with the hope that the build- 
ing can be completed by 1964. A 
broad program of education in ma- 
terials will be coordinated with the 
research activity, Dr. Stratton said. 

The expansion made possible by 
the ARPA contract will include an 
increase in M.I.T.’s already extensive 
materials research program. In ad- 
dition, part of the new support will 
go for entirely new studies, which 
will be coordinated with existing 


1962 Bound Volume 


Members and subscribers 
who wish to receive bound 
copies of Vol. 109 (for 1962) 
of the JOURNAL can receive the 
volume for the, low, prepubli- 
cation price of $8.00 if their 
orders are received at Society 
Headquarters, 1860 Broadway, 
New York 23, N. Y., by Decem- 
ber 1, 1961. 

Bound volumes are not of- 
fered independently of Jour- 
NAL subscription. 
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work and which will represent a 
new and unified program. 

Scientific objectives of the new 
program will lie principally in four 
active fields considered likely to 
lead to important future results and 
likely to attract an increasing num- 
ber of students: Magnetic and Low- 
Temperature Research; Semiconduc- 
tors and Their Applications to 
Devices; Electronic Materials De- 
velopment and Preparation; Solid- 
State Structure Studies by Advanced 
Techniques. 

Related to the research programs 
and designed to serve the entire 
Center for Materials Science and En- 
gineering will be central facilities 
for crystal preparation and analysis 
and for electron microscopy of ma- 
terials. 

The new center also will benefit 
from a complex of special M.I.T. fa- 
cilities already in existence or 
planned. These include the nuclear 
reactor; two IBM 709 Computers, 
one in the Computation Center and 
a second on order; the M.I.T. Spec- 
troscopy Lab., and the National 
Magnet Facility. The last, to be built 
under contract with the Air Force, 
will be the world’s most powerful 
continuous field magnet. 


International Rectifier’s Japanese 
Affiliate to Expand Plants 

International Rectifier Corp., El 
Segundo, Calif., has disclosed a two- 
stage expansion program to enlarge 
administrative and manufacturing 
facilities of its Japanese affiliate at 
Soya, Hatano, in the Kanagawa Pre- 
fecture. According to International 
Rectifier Corp. (Japan) Ltd., the 
plans call for an investment of ap- 
proximately $1,000,000 to increase 
the annual production rate from 
$1,000,000 to approximately $3,000,- 
000 during 1963. 

The facility, established in 1957, 
was the first to produce silicon power 
rectifiers in Japan, and also the first 
of International Rectifier’s joint 
overseas ventures, which now in- 
clude affiliated firms in the United 
Kingdom, France, and Italy. 

The Japanese company had ad- 
vised of plans to start an office build- 
ing and factory addition on the site 
of the present plant in August of 
1961, to be fully operational by 
April 1962. 


Dow to Start Construction of Major 
Laboratory in California 
The Dow Chemical Co. recently 
announced plans for construction of 
the first major laboratory buildings 
at its research site on Oak Grove Rd. 
in the city of Walnut Creek, Calif. 
Construction tentatively was sched- 
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uled to begin August 15 and to be 
completed about June 1, 1962. The 
new research center is located ap- 
proximately 30 miles from San Fran- 
cisco. 

The first step of the installation 
will consist of a laboratory building 
and a separate administrative build- 
ing. The research facilities will be 
devoted to the laboratory explora- 
tion of new chemical compounds 
and processes. 


Dow Corning Silicon Plant in 
Production 

The first fully integrated high- 
purity silicon plant in America using 
the Siemens process is now in pro- 
duction. The new facilities are those 
of the Hyper-Pure Silicon Division 
of Dow Corning Corp. at Hemlock, 
15 miles south of Dow Corning’s 
main plant in Midland, Mich. 

The Hyper-Pure Silicon Division 
occupies seven buildings totaling 
37,000 square feet of floor space on 
an immediate site of 30 acres in a 
tract of 570 acres, and represents an 
investment of more than $2,000,000 
at this time. The capacity is now 
25,000 pounds of high-purity silicon 
a year. This amount can be doubled 
within the present buildings. Both 
Polycrystalline silicon in several 
forms and a float-zoned single crys- 
tal are being produced. 


Announcements 
from Publishers 


“Protection of Refractory Metals for 
High Temperature Service. Prog- 
ress Report 1—July 1, 1960—The 
Zinc-Base Coating for Niobium,” 
B. F. Brown and others, U. S. Naval 
Research Lab., Nov. 1960. Report 
PB 161 932,* 37 pages; $1.00. 


Translations of Soviet Papers 
Available from Primary Sources 


The following are among Soviet 
scientific papers available in English 
translation from Primary Sources, 
Dept. C-R, 11 Bleecker St., New York 
12, N. Y. When ordering, please quote 
the reference number given in pa- 
rentheses after the author’s name. 


Zavodskaya Laboratoriya 
(Factory Laboratory) 


“Determination of Carbides in Stain- 
less Steels by Electrolysis,” M. M. 
Shapiro (SMT-1162), 11, 1292-1294 
(1957) ; $5.00. 


* Order from Office of Technical Services, 
Business and Defense Services Administra- 
Dept. of Commerce, Washington 


WELCOME 
ABOARD! 


Responsible research 
positions for 


PHYSICAL CHEMISTS 
ELECTROCHEMISTS 


ELECTROANALYTICAL 
CHEMISTS 


We’re seeking men with experience, 
to research phenomena related to 
fuel cells and other galvanic systems 
and investigate electrode kinetics, 
polarization, catalysis, and electro- 
analytical techniques. 


Astropower is an expanding pro- 
pulsion R&D firm located in the 
ideally situated research center at 
Newport Beach, California, one of 
the finest recreation areas in the 
world. Superior employee benefits. 
Submit resumes to Dr. George Moe, 
Vice President, Research. Qualified 
applicants will receive considera- 
tion without regard to race, creed 
or national origin. 


ASTROPOWER, INC. 


A subsidiary of Douglas Aircraft Co. 


2968 Randolph Avenue 
Costa Mesa, California 
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“Microelectrical Method of Investi- I. L. Rogel’berg (SMT-1137), 11, “Simulating the Electric Field of an 


gating Metal Corrosion under 67-74 (1957) ; $5.00. Aluminum Electrolyzer Anode,” 
Stress,” A. V. Ryabchenkov (SMT- A8 the P ie a M. A. Korobov (CR-2746), 11, 60-66 4 
urvey e Presen ate o (1958) ; $9.10. 
“Research on the Theory of the Elec- (CR-2826), 4, 16-28 (1958) ; $19.80. 


: “Reduced Consumption of Fluoride 
trochemical Phase Analysis of Al- 


- “An Electrothermic Method of Zinc Salts and Increased Labor Output 

loys,” Yu. A. Klyachko (SMT- Distillation from Silver Crust,” I. 1. in Aluminum Production,” A. E. 

2111), 11, 1308-1314 (1958); $5.00. Kershansky (SMT-1377), 4, 34-43 Manin (CR-2823), 5, 67-72 (1959); 

(Nonferrous Metals) “The Role of Electrolyte Composition “Some Questions Concerning Obtain- 

in Intensifying the Working Alumi- ing Titanium by Molten Media 

“Ni-W, Ni-Ca, and Ni-Sr Alloys for num Baths,” A. I. Belyayev (CR- Electrolysis Using Soluble An- 

Oxide Cathodes of Radio Tubes,” 2822), 10, 61-66 (1958) ; $6.60. odes,” A. B. Suchkov (SMT-2469), 


8, 50-54 (1959) ; $5.00. 


Issledovatel Mineral Syr’ya Sbornik 
(Collection of Research on 
Mineral Raw Material) 


“A New Electrochemical Method of 
Separating Minerals,” Ye. V. Roz- 
hkova (CR-2743), 67-74 1955); 
$8.40. 


Employment Situations 


ADVANCED SOLID STATE 
RESEARCH & DEVELOPMENT 


Senior scientists and engineers are needed to fill 
new positions in our rapidly expanding research 
and development laboratories near San Francisco. 
Our broadening interests have created challenging 
positions for individuals with significant back- 
grounds in the following fields: 
SURFACE PHYSICS AND CHEMISTRY 
ELECTROCHEMISTRY 

ELECTRON MICROSCOPY 

MAGNETIC THIN FILMS 

EVAPORATED CIRCUITRY 

SEMICONDUCTOR MATERIALS 
ELECTRO-OPTICS 
ADVANCED CIRCUIT DEVELOPMENT 
MICROWAVE PHYSICS 

A Ph.D. Degree or commensurate experience is es- 
pecially desirable. 
Applicants are invited to send detailed resumes, 
including salary history and requirements, to Mr. 
Donald Palmer. Palo Alto interviews for qualified 
applicants will be arranged from anywhere in the 
United States. All inquiries strictly confidential and 
acknowledged promptly. All qualified applicants 
will be considered regardless of race, creed, color 
or national origin. 


Please address replies to box 
shown, c/o The Electrochemical So- 
ciety, 1860 Broadway, New York 23, 
N. Y. 


Position Wanted 
Chemical Engineer, B.S.—Fifteen 
years’ industrial experience—12 
years of electrolytic background in 
development and production work. 
Supervisory experience. Married, 
family, 39. Reply to Box No. 372. 


Position Available 

Research Chemist for Research 
Associate position at the National 
Bureau of Standards to conduct orig- 
inal research on galvanic phenomena 
associated with atmospheric corro- 
sion. M.S., Ph.D., or equivalent re- 
search experience required. Reply to 
Fielding Ogburn, Electrolysis and 
Metal Deposition Section, National 
Bureau of Standards, Washington 25, 
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| Astropower, Inc., Div. of 
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The Electrochemical Society 


Patron Members 


Aluminum Co. of Canada, Ltd., 
Montreal, Que., Canada 
International Nickel Co., Inc., 
New York, N. Y. 
Olin Mathieson Chemical Corp., 
Chemicals Div., Industrial Chemicals 
Development Dept., Niagara Falls, N. Y. 
Union Carbide Corp. 
Divisions: 
Union Carbide Metals Co., 
New York, N. Y. 
National Carbon Co., New York, N. Y. 
Westinghouse Electric Corp., Pittsburgh, Pa. 


Sustaining Members 
Air Reduction Co., Inc., 
New York, N. Y. 
Ajax Electro Metallurgical Corp., 
Philadelphia, Pa. 
Allen-Bradley Co., Milwaukee, Wis. 
Allied Chemical Corp. 
Solvay Process Div., Syracuse, N. Y. 
General Chemical Div., Morristown, N. J. 
Alloy Steel Products Co., Inc., Linden, N. J. 
Aluminum Co. of America, 
New Kensington, Pa. 
American Metal Climax, Inc., 
New York, N. Y. 
American Potash & Chemical Corp., 
Los Angeles, Calif. (2 memberships) 
American Smelting and Refining Co., 
South Plainfield, N. J. 
American Zinc Co. of Illinois, 
East St. Louis, 
American Zinc, Lead & Smelting Co., 
St. Louis, Mo. 
American Zinc Oxide Co., Columbus, Ohio 
M. Ames Chemical Works, Inc., 
Glens Falls, N. Y. 
Armco Steel Corp., Middletown, Ohio 
Basic Inc., Maple Grove, Ohio 
Bell Telephone Laboratories, Inc., 
New York, N. Y. (2 memberships) 
Bethlehem Steel Co., Bethlehem, Pa. 
(2 memberships) 
Boeing Airplane Co., Seattle, Wash. 
Burgess Battery Co., Freeport, Il. 
(4 memberships) 
Canadian Industries Ltd., Montreal, 
Que., Canada 


Carborundum Co., Niagara Falls, N. Y. 
Catalyst Research Corp., Baltimore, Md. 
Columbian Carbon Co., New York, N. Y. 
Consolidated Mining & Smelting Co. of 
Canada, Ltd., Trail, B. C., Canada 
(2 memberships) 
Continental Can Co., Inc., Chicago, Ill. 
Cooper Metallurgical Associates, Cleveland, 
Ohio 
Corning Glass Works, Corning, N. Y. 
Diamond Alkali Co., Painesville, Ohio 
Dow Chemical Co., Midland, Mich. 
Wilbur B. Driver Co., Newark, N. J. 
(2 memberships) 
E. I. du Pont de Nemours & Co., Inc., 
Wilmington, Del. 
Eagle-Picher Co., Chemical Div., Joplin, Mo. 
Eastman Kodak Co., Rochester, N. Y. 
Thomas A. Edison Research Laboratory, Div. 
of McGraw-Edison Co., West Orange, N. J. 
Electric Auto-Lite Co., Toledo, Ohio 
C & D Division, Conshohocken, Pa. 
Electric Storage Battery Co., Yardley, Pa. 
Engelhard Industries, Inc., Newark, N. J. 
(2 memberships) 
The Eppley Laboratory, Inc., Newport, R. I. 
(2 memberships) 
Exmet Corp., Tuckahoe, N. Y. 
Fairchild Semiconductor Corp., Palo Alto, 
Calif. 
Food Machinery & Chemical Corp. 
Becco Chemical Div., Buffalo, N. Y. 
Westvaco Chlor-Alkali Div., South 
Charleston, W. Va. 
Foote Mineral Co., Paoli, Pa. 
Ford Motor Co., Dearborn, Mich. 
General Electric Co., Schenectady, N. Y. 
Chemistry & Chemical Engineering 
Component, General Engineering 
Laboratory 
Chemistry Research Dept. 
General Physics Research Dept. 
Metallurgy & Ceramics Research Dept. 
Aircraft Accessory Turbine Dept., 
West Lynn, Mass. 
General Instrument Corp., Newark, N. J. 
General Motors Corp. 
Allison Div., Indianapolis, Ind. 
Delco-Remy Div., Anderson, Ind. 
Guide Lamp Div., Anderson, Ind. 
Research Laboratories Div., Warren, Mich. 
General Telephone & Electronics 


Laboratories Inc., Bayside, N. Y. 
(2 memberships) 
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Globe-Union, Inc., Milwaukee, Wis. 
Gould-National Batteries, Inc., 

Minneapolis, Minn. 

Grace Electronic Chemicals, Inc., 

Baltimore, Md. 

Great Lakes Carbon Corp., New York, N. Y. 
Hanson-Van Winkle-Munning Co., 
Matawan, N. J. (2 memberships) 
Harshaw Chemical Co., Cleveland, Ohio 

(2 memberships) 
Hercules Powder Co., Wilmington, Del. 
Hewlett-Packard Co., Palo Alto, Calif. 
Hill Cross Co., Inc., West New York, N. J. 
Hoffman Electronics Corp., Semiconductor 

Div., El Monte, Calif. (2 memberships) 
Hooker Chemical Corp., Niagara 

Falls, N. Y. (3 memberships) 

Hughes Aircraft Co., Culver City, Calif. 
International Business Machines Corp., 

Yorktown Heights, N. Y. 
International Minerals & Chemical 

Corp., Skokie, Il. 

ITT Federal Laboratories, Div. of 

International Telephone & Telegraph 

Corp., Nutley, N. J. 
Jones & Laughlin Steel Corp., 
Pittsburgh, Pa. 
K. W. Battery Co., Skokie, Ill. 
Kaiser Aluminum & Chemical Corp. 
Div. of Chemical Research, 
Permanente, Calif. 
Div. of Metallurgical Research, 
Spokane, Wash. 
Kawecki Chemical Co., Boyertown, Pa. 
Kennecott Copper Corp., New York, N. Y. 
Leesona Moos Laboratories, Div. of Leesona 

Corp., Jamaica, N. Y. 
Libbey-Owens-Ford Glass Co., Toledo, Ohio 
Lockheed Aircraft Corp., 

Missiles & Space Div., Sunnyvale, Calif. 
Mallinckrodt Chemical Works, St. Louis, Mo. 
P. R. Mallory & Co., Indianapolis, Ind. 
Merck & Co., Inc., Rahway, N. J. 

Metal & Thermit Corp., Detroit, Mich. 
Miles Chemical Co., Div. of Miles 

Laboratories, Inc., Elkhart, Ind. 
Minneapolis-Honeywell Regulator Co., 

Minneapolis, Minn. 

Minnesota Mining & Manufacturing Co., 

St. Paul, Minn. 

Monsanto Chemical Co., St. Louis, Mo. 
Motorola, Inc., Chicago, Ill. 

National Cash Register Co., Dayton, Ohio 
National Lead Co., New York, N. Y. 

National Research Corp., Cambridge, Mass. 
National Steel Corp., Weirton, W. Va. 


(Sustaining Members cont’d) 


North American Aviation, Inc., Rocketdyne 
Div., Canoga Park, Calif. 
Northern Electric Co., Montreal, Que., 
Canada 
Norton Co., Worcester, Mass. 
Ovitron Corp., Long Island City, N. Y. 
Peerless Roll Leaf Co., Inc., Union City, N. J. 
Pennsalt Chemicals Corp., 
Philadelphia, Pa. 
Phelps Dodge Refining Corp., Maspeth, N. Y. 
Philco Corp., Research Div., Blue Bell, Pa. 
Philips Laboratories, Inc., Irvington-on- 
Hudson, N. Y. 
Pittsburgh Plate Glass Co., Chemical Div., 
Pittsburgh, Pa. 
Potash Co. of America, 
Carlsbad, N. Mex. 
Radio Corp. of America 
Tube Div., Harrison, N. J. 
RCA Victor Record Div., Indianapolis, 
Ind. 
Ray-O-Vac Co., Madison, Wis. 
Raytheon Co., Waltham, Mass. 
Reynolds Metals Co., Richmond, Va. 
Rheem Semiconductor Corp., 
Mountain View, Calif. 
Schering Corporation, Bloomfield, N. J. 
Shawinigan Chemicals Ltd., Montreal, Que., 
Canada 
Speer Carbon Co. 
International Graphite & Electrode 
Div., St. Marys, Pa. 
Sprague Electric Co., North Adams, Mass. 
Stackpole Carbon Co., St. Marys, Pa. 
Stauffer Chemical Co., New York, N. Y. 
Tennessee Products & Chemical Corp., 
Nashville, Tenn. 
Texas Instruments, Inc., Dallas, Texas 
Metals and Controls Corp., 
Attleboro, Mass. 
Three Point One Four Corp., Yonkers, N. Y. 
Titanium Metals Corp. of America, 
Henderson, Nev. 
Tung-Sol Electric Inc., 
Newark, N. J. 
Udylite Corp., Detroit, Mich. 
(4 memberships) 
United States Borax & Chemical Corp., 
Los Angeles, Calif. 
Universal-Cyclops Steel Corp., 
Bridgeville, Pa. 
Upjohn Co., Kalamazoo, Mich. 
U.S. Steel Corp., Pittsburgh, Pa. 
Victor Chemical Works, Chicago, II. 
Western Electric Co., Inc., Chicago, Ill. 
Wyandotte Chemicals Corp., 
Wyandotte, Mich. 
Yardney Electric Corp., New York, N. Y. 
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